Spatial clustering of differences in measured homoplasy with respect to protein structure

by

Kent Allan Vander Velden

A thesis submitted to the graduate faculty
in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE

Major: Bioinformatics and Computational Biology
Program of Study Committee:
Gavin Naylor, Co-major Professor
Vasant Honavar, Co-major Professor

Irvin Hentzel
Drena Dobbs

Iowa State University
Ames, Iowa

2002

Copyright © Kent Allan Vander Velden, 2002. All rights reserved.



ii

Graduate College
Iowa State University

This is to certify that the master’s thesis of
Kent Allan Vander Velden

has met the thesis requirements of lowa State University

Committee Member

Committee Member

Co-major Professor

Co-major Professor

For the Major Program



il

Table of Contents

LiSt Of EQUALIONS ...evtieiieiiieeie ettt ettt ettt et ettt et e s be e bt e saseenteeeabaenseesnseensaennsaens v
LIST OF FIZUIES ...eieiiiieeiiee ettt et e et e e et e e e ta e e s ste e e ssbaeesabeeessseeensseeennseesnnseeans vi
LSt OF TADIES ..ottt ettt ettt viii
AADSTTACT ...ttt ettt ettt ettt e bt e et eehte e beesateebeenaeas X
Chapter 1. INtrOQUCION .....couviiiiieiieiie ettt ettt e et e saaeebeesaaeenbeessbeenseesnsaens 1
Project Goal and Document OVETVIEW .........cccvieeciiieeiieeiiieesieeesieeesiveeeseveeeeeeeeaeeesseeeenneees 1
Genomic Data Back@round .............ccccoiiiiiiiiiiiiiieie e 1
Evolution BacK@roUund...........cccuiiiiiiiiiiie ettt e e s 5
Protein Back@round ............cooiiiiiiiiiiiieie ettt 6
Alignments and Phylogenetic TrEeS ........iivvuiiiriiiiiiiieeciee ettt 7
IMIOTIVALION <.ttt ettt st b et b ettt sb e bt estesbe e bt et e saeenbeenees 13
Chapter 2. Materials and MethodS..........ccueeeiiieiiiiiieece e 16
Random SamPling ..........oooiiiiiiiiiiiieiee ettt 16
Retention INAEX.......c.coiiiiiiiiiee ettt et e 17
Retention Index DIfference ..........cccuieiiiiiiiiiiiiiiiciiee e 18
RICOMPATE.....eeiiiiiiiieeeiiie ettt ettt e et e e e et e e e ettt e e e enasaeeesanssaeeesnsaeeeeannsaeeens 19
Chapter 3. RESUILS ....cuiiiiieiii ettt ettt et e st e ebeesaaeenseassseenseas 26
OVETVIEW ..ttt ettt ettt et e h e et h e e bt e bt e et e e s st e eabeesabeeabeeeabeeabeesabeenbeasaeeeaeeas 26
Functional and Structural DeSCIIPHION .......ccueeriiieiiieriiieiieriie ettt ens 27
Phylogenetic ANALYSIS.....ccueiiiuiiieiiiieeiieeeiie et et et e e st e e seaeeeseaeeeaaeeensaeeenneeenns 29
RESUILS ..ttt ettt et ettt et b et ettt 30
RIhodOPSIN DAtaSet.........ceeiiieiiiieeiiie ettt et et e e e e e saaeeetaeeesaeeensaeessseeennnes 43
Functional and Structural DeSCIIPHION .......ccueeriiieiiieriieeieeiie ettt ens 43
Phylogenetic ANALYSIS.....cccueieiuiiieiiiieiiieeeiee et et ettt e st e e seaeeessbeeenaeeensaeesnseeees 45
RESUILS ..ttt sttt ettt et e b e et b et 46
MYOZLODIN DALASEL .......vieeeiieeiie ettt et e e e e e e et e e e e e eaaeeeareeennnes 58
Functional and Structural DeSCIIPHION .......ccueeiuieeiiieriieeiieiie ettt 58
Phylogenetic ANALYSIS.....ccuiieiuiiieiiiieiiieeeieeeeiee et e ettt et et e s reeesaaeeeseaeeesaeeennaeesnseeens 59
RESUILS ..ttt et sttt st b ettt 60
Hemoglobin Dataset ..........c.eceiiiiiiiieiiiiecieeeee ettt e e ae e eae e et e e eaeeessbeeeennes 69
Functional and Structural DeSCIIPHION .......ccueeruiieiiierieeiieiie ettt 69
Phylogenetic ANALYSIS .....ccuiiiiuiiiiiiiieiiieeeite ettt ettt e st e e st e e seaaeeeaeeeaaeeennaeesnseeenns 71

OL=CRAII RESULLS ... e e e e e e e e e e e e e sraaaeeeeeeees 74



v

B-Chain RESULLS .......eeiuiiiiiiiiieiiee ettt ettt e et e e e b e enseenneas 83
Preliminary Joint o- and B-chaing Results ..........cccooviiiiiiiniiiiiiiiieceeceee e 92
Chapter 4. DISCUSSION ...cuueeiiiiiiieeiiietieeiteerieeeteeteeeteeteestteebtessbeeseessseesseassseenseessseenseesssesnseas 94
REVIEW O GOALS ...ttt et et e 94
ReEVIEW OF RESUILS .....eiiiiiieiicieceee ettt s 95
Interpretation Of RESUILS .......cocuiiiiiiiiciie e et sree e 100
Soundness and Completeness of ReSUltS..........cccueiiiieiiieiieiiieiieieeee e 102
Chapter 5. CONCIUSIONS ......eiiieiiieiiieeiiee et e et ee e e et e e saeeesaeeessaeeesaeeesseeesseesssseessseeessseens 104
SUMMIATY ...ttt et e ettt e et e ettt e st e esbbeesabteesabteesnbeeesabeeennnes 104
RecOMMENAALIONS .....ooueiiiiiiiiiiiee et ettt et st 106
FUture RESEATCH ......couiiiiiiiiieie e e e 107
APPendix A. ALIZNIMENES ....oeeiiiieiiiieeiieecieeeeiee et e et e et e e seaeeeeaeeeaeeeesaeesssaeesnseeessseeensses 109
CYLOCRIOME D ..ottt ettt ettt e s aaeeseeenbeenseeenns 109
21107 1] 03 1 o RS UUUPPSRUPR 116
IMYOZIODIN ...ttt ettt et et e et e st e e bt e s saeebeessbeebeassseenseesnsaans 119
HEMOZIODIN Q... ettt et e e beessbeeseesanaens 122
HemMOZIODIN P ...iiiiiiiiieii et ettt ettt ettt e et e st e e teeenaaens 125
APPENiX B. ValUCS ...cuviiiiiiiiiiiie ettt ettt ettt et e enneas 128
CYLOCHTOME D ...ttt et e et e et eetaeesssaeeenseeesssneesnseaenns 128
RIOAOPSIN ...ttt ettt e et e st e et e e s e ebeesabeenbeassseenseesasaens 133

1A 0 Tq 101 o3 s SRR SPPRRUPR 136

5 15010 o4 1] 0351 1N o RSP SPPSRUPR 138

5 (S0 Te o4 1) 0351 T 0 STUUSPUSRUPRR 141
PN 00157 116 D TN Yo7 § o £ PSSP 144
Example PAUP Script to Compute RI Values .........ccocveeiiiiiiniiiiiiieieeeeeee 144
Appendix D. Residue Properties, Codes, and Colors ..........cccveeeviieeniieeiieeeieeciie e 146
APPendixX E. IMAZETY .....oovuiiiiiiiiieiieeie ettt ettt st ettt et e e eenseenneas 147

RETEIEIICES . ..o e e e e e e e e e et e e e e e e e e e e e e e e e e eeeeeaaaaaaans 149



Equation 1. Sum of Squares
Equation 2. Retention Index
Equation 3. RI Difference...

List of Equations



vi

List of Figures
Figure 1. Alignment and Tree of Low Variation ............cccceecieenieeiiienieniiienie e 8
Figure 2. Alignment and Tree of High Variation ............cccoeeeiiieiiieniiiecie e 8
Figure 3. Alignment and Tree of COVATIANCE .........ccecvieeiiiieeiieeeiie et 9
Figure 4. Examples of Randomly Sampled Distributions ...........ccccceceveeneeiieneenenneneeneenne. 16
Figure 5. RI Compare INterface ........ccccviieiiiieiiieeeiie ettt e 19
Figure 6. Data Collection TOOl ..........cccuiiiiiiiiiiie ettt 23
Figure 7. CYtOChIOME D .....oiiiiiiiieiicie et e 27
Figure 8. Cytochrome b Phylogenetic Tree CompariSOn.........c.ceeeveeerieeeerieeeiieeeiieesveeesnenns 29
Figure 9. Cytochrome b — RI Difference < 0.0 Highlighted............ccocovveeiiiniiiiniieeee. 30
Figure 10. Cytochrome b — RI Difference < 0.0 Highlighted (Alternate) ..........c.cccceveeneeee. 31
Figure 11. Cytochrome b — RI Difference < 0.0 Highlighted (Alternate 2) .........ccccccvveennee. 32
Figure 12. Cytochrome b — RI Difference <= -0.0830 Highlighted .............ccceevevrrnnnnnnnnn. 33
Figure 13. Cytochrome b — RI Difference <= -0.0830 Highlighted (Alternate)..................... 34
Figure 14. Cytochrome b — RI Difference = 0.0 Highlighted.............cccoeeiiiriiiiniiiinieee. 35
Figure 15. Cytochrome b — RI Difference > 0.0 Highlighted............cccoeeiiiriiiiniiiiieee. 36
Figure 16. Cytochrome b — Sites with No Change Highlighted .............ccccoooiiiiiinieninnne 37
Figure 17. Cytochrome b — Sites with RI = oo Highlighted ............ccccooviviiiiiiiiiiiccieee 38
Figure 18. Cytochrome b — Sites with True Tree RI = 0.0 Highlighted .............ccccoeeveennnen. 39
Figure 19. Cytochrome b — Sites with True Tree RI = 1.0 Highlighted ...........cccccoceninnneenee. 40
Figure 20. Cytochrome b — Sites with MPC Tree RI = 0.0 Highlighted .............ccccoeveenne. 41
Figure 21. Cytochrome b — Sites with MPC Tree RI = 1.0 Highlighted ............ccceoeneenne. 42
Figure 22. RNOAOPSIN .. ..coiiiiiiiiiiieiieie ettt ettt ettt et et e b e eseeeaaeenseeeene 43
Figure 23. Rhodopsin Phylogenetic Tree CompariSOn..........cccueeeeveeerveeeiieeesiieeereeesveeesnens 45
Figure 24. Rhodopsin — RI Difference < 0.0 Highlighted ............cccoeviieeeiieniiiieiieeeeee, 46
Figure 25. Rhodopsin — RI Difference < 0.0 Highlighted (Alternate)...........ccoceeverveervennennee. 47
Figure 26. Rhodopsin — RI Difference < 0.0 Highlighted (Alternate 2).........ccccceevvvevveeenenn. 48
Figure 27. Rhodopsin — RI Difference = 0.0 Highlighted ............cccooeviiieiiieniiiniieeeee, 49
Figure 28. Rhodopsin — RI Difference > 0.0 Highlighted ............cccccooiiiiiiiiiiniiieieee 50
Figure 29. Rhodopsin — RI Difference > 0.0 Highlighted (Alternate)..........c.ccceeevveerveeennenn. 51
Figure 30. Rhodopsin — Sites with No Change Highlighted.............ccccoveiiiiiiiiniiiiiee. 52
Figure 31. Rhodopsin — Sites with RI = co Highlighted..............ccoociiiiiiiiiiiiieeee 53
Figure 32. Rhodopsin — Sites with True Tree RI = 0.0 Highlighted.............ccccoveirrnnnnnnnn. 54
Figure 33. Rhodopsin — Sites with True Tree RI = 1.0 Highlighted..............cccccovevvrrennnnnnn. 55
Figure 34. Rhodopsin — Sites with MPC Tree RI = 0.0 Highlighted..........c.cccoconiriinnnnnne. 56
Figure 35. Rhodopsin — Sites with MPC Tree RI = 1.0 Highlighted............ccccceevvvvennnnennnnn. 57
Figure 36. MYOZIODIN ....cocciiieiiiiecieeece ettt ettt et etae e et e e s ba e e ennaeesnnee s 58
Figure 37. Myoglobin Phylogenetic Tree COMPAriSOn...........c.cecueerieerieenieerieenieeiiesieeneeens 59



vii

Figure 38. Myoglobin — RI Difference < 0.0 Highlighted............cccoooiiiniiiniiiiiiieeee, 60
Figure 39. Myoglobin — RI Difference = 0.0 Highlighted............c.ccoooiviiiniininiiiie. 61
Figure 40. Myoglobin — RI Difference > 0.0 Highlighted............c.ccoooiiiiniinininiie, 62
Figure 41. Myoglobin — Sites with No Change Highlighted .............ccccoeoiiiiiiiniiiie. 63
Figure 42. Myoglobin — Sites with RI = co Highlighted .............ccccooiiiiinnine, 64
Figure 43. Myoglobin — Sites with True Tree RI = 0.0 Highlighted .............ccocooinnininnne. 65
Figure 44. Myoglobin — Sites with True Tree RI = 1.0 Highlighted .............ccceeevvrnnnnnnnn. 66
Figure 45. Myoglobin — Sites with MPC Tree RI = 0.0 Highlighted .........ccccoceveniinnnnnee. 67
Figure 46. Myoglobin — Sites with MPC Tree RI = 1.0 Highlighted ...........ccoceveniininnnnne. 68
Figure 47. HEMOZIODIN Ol.....ceeoviiiiiiieeiie ettt et e e esseeeeanee s 69
Figure 48. HEMOZIODIN B...cccuviiiiiiiiiiieeiieie ettt ettt e 69
Figure 49. Hemoglobin a-Chain Phylogenetic Tree Comparison............c.eeeveeeveerivenveeneenne 71
Figure 50. Hemoglobin B-Chain Phylogenetic Tree Comparison ..........cccceeeevveeecveeenveeennnnn. 72
Figure 51. Hemoglobin a- 3-Chain MPC Phylogenetic Tree Comparison...........ccccceceeuneenee. 73
Figure 52. Hemoglobin o — RI Difference < 0.0 Highlighted ............ccocooiiiiniinniiniee. 74
Figure 53. Hemoglobin o — RI Difference = 0.0 Highlighted............ccccooeiiieiiinniiieneee. 75
Figure 54. Hemoglobin o — RI Difference > 0.0 Highlighted ..., 76
Figure 55. Hemoglobin o — Sites with No Change Highlighted ..............ccooeeviiinieniinnenne 77
Figure 56. Hemoglobin o — Sites with RI = oo Highlighted ...........cccccooveviiiiiiiiiiiiciee 78
Figure 57. Hemoglobin a — Sites with True Tree RI = 0.0 Highlighted ..........cc.ccoceviencene. 79
Figure 58. Hemoglobin a — Sites with True Tree RI = 1.0 Highlighted ...........ccccocevveneenne. 80
Figure 59 Hemoglobin a — Sites with MPC Tree RI = 0.0 Highlighted.............ccceevveennnen. 81
Figure 60. Hemoglobin o — Sites with MPC Tree RI = 1.0 Highlighted.............ccccccoceeneeee. 82
Figure 61. Hemoglobin § — RI Difference < 0.0 Highlighted .............cccooiiiinininniniee. 83
Figure 62. Hemoglobin § — RI Difference = 0.0 Highlighted ............cccoeeiiiiiiiiniiiiieee. 84
Figure 63. Hemoglobin § — RI Difference > 0.0 Highlighted .............cccooiniininniinn. 85
Figure 64. Hemoglobin 3 — Sites with No Change Highlighted.............ccccooeninniinnnne. 86
Figure 65. Hemoglobin  — Sites with RI = oo Highlighted............ccccooveviiiiiiiiiiiiiee 87
Figure 66. Hemoglobin 3 — Sites with True Tree RI = 0.0 Highlighted...........cc.ccocerinnneenee. 88
Figure 67. Hemoglobin 3 — Sites with True Tree RI >= 0.9 Highlighted ............ccccceceencenee. 89
Figure 68. Hemoglobin 8 — Sites with MPC Tree RI = 0.0 Highlighted............ccccoeveennee. 90
Figure 69. Hemoglobin 3 — Sites with MPC Tree RI = 1.0 Highlighted.............cccccceceeneenne. 91

Figure 70.

Hemoglobin a- and B-chains in Context with Invariant Residues Highlighted.... 92



viii

List of Tables

Table 1. Summary of Significant Clusters.........
Table 2. Alternations and Co-occurrence Types



ix

Abstract

The identification of sites in amino acid sequence alignments that hold misleading phylogenetic
signals and the identification of amino acid residues that are of functional significance are
intertwined. Advances in one area can support the other because misleading phylogenetic signals
come from the comparison of residues from sites in alignments that are not evolving as an
unconstrained random process. This is a study of the distribution of misleading phylogenetic
signals contained within five proteins and identified through comparing a widely accepted
phylogenetic tree to those inferred from sequence data. Through the analysis of these
distributions one goal is the discovery of properties that can be used to improve the inference of
phylogenetic trees, but another goal is the identification of functionally important residues. A
new metric, RI Difference and based on Retention Index, is suggested measuring the relative
support that individual sites provide for two trees. By identifying sites that harbor misleading
phylogenetic signal, we attempt to identify residues that are cooperating to define the function of
the protein. This information is presented in the context of the structure of the protein where
spatial clustering patterns (or lack of) are observed for the implicated residues. A new
bioinformatic software tool, RI Compare, is presented implementing the metric and blending
heterogeneous information from protein alignments and structures and phylogenetic trees.
Results are presented followed by speculations as to what might be causing erroneous trees to be
inferred. The relationship of the implicated residues to those of known importance is also
discussed. While results do not suggest that the RI Difference measure can be used to identify
functionally important residues in all proteins, there is evidence to suggest it may be applicable to
transmembrane proteins. Assessment of the correctness of the results has been based solely on
the proximity of the implicated residues to ligands, other chains, and residues of known
importance. However, even if the RI Difference measure is identifying residues other than the
functional significant ones, the fact that the cluster patterns are unlikely to occur at random is

intriguing and warrants further investigation.



Chapter 1. Introduction

Project Goal and Document Overview

The goal of this study was initially to improve phylogenetic inference procedures through the
identification of collections of residues in an alignment that did not conform to the model of
evolution being used. This goal was later expanded to searching for functionally significant
residues after considering reasons that alignment sites were misleading. What follows is an
introduction to the concepts required for understanding and interpreting the results of this study
including reviews of recent relevant material. The introduction is followed by descriptions of the
methods used and an exhaustive presentation of the actual results. The interpretation of these

results is followed by concluding remarks and suggestions for future researchers in this area.

Genomic Data Background

During the past decade the world has witnessed an explosion in the development of methods and
hardware for the collection and analysis of genomic sequence and related data. These
developments have come from both public and private labs, often working in cooperation as

much as in competition, while captivating the imagination of the public.

The first genome to be completely sequenced was of the prokaryote bacterium Hemeophilus
influenzae in 1995, published in Science with a list of 40 authors. This accomplishment was
soon followed during the same year with another genome from the prokaryote Mycoplasma
genitalium. During the following year, the first sequence from a member of the archaeae family,
Methanococcus jannaschii, and the first genome of a eukaryote, Saccharomyces cerevisiae (also
known as baker’s or budding yeast) were completed. While the sequencing race was only
getting started an example was now available from a representative of each of the three major
lineages of life. Several additional model organisms were sequenced in the following years,
complementing years of previous knowledge, including Arabidopsis thaliana, Caenorhabditis
elegans, Drosophila melanogaster, and Mus musculus. Then in June 2000, a working draft of
the largest genome to date, and one with a special significance, the human genome, was

completed.



Proponents of whole genome sequencing projects have touted their potential for curing diseases,
increasing food production, and genetic engineering. The implied goal is better understanding of
life and the ability to influence its destiny. While the goals of the coming genetic revolution
have been popularized by both the mainstream media and the scientific community, both have
done a disservice to people outside of the discipline. Even those within the discipline sometime
lose connection with the limits of our current knowledge and abilities and also the direction the
field is moving. While it is true that a great deal of information has been amassed during the past
few years and contributed to the realm of biology, perhaps more raw information than has been
gathered for several decades prior, what have been the benefits?

Sequence data by itself is as useful as a book in a language that the reader does not understand,
and at the moment we are at our infancy in out understanding of an organism’s genetic language.
It is impossible to gauge the thoroughness of our understanding of biology since we do not know
its depths, but we are likely far from the understanding necessary to engineer a biological entity
with a specified function. Furthermore, unifying principles have been very sparse which only
adds to the apparent complexity.

There have been comparisons drawn between different disciplines of science. The comparisons
have been built on how successfully the area can be analyzed. There are sciences in which
systems can be broken down into finer and finer partitions, where each system assumes the
collective function of its components in an additive fashion. These sciences allow a person to
examine the finest scale building block where understanding may be easiest and reassemble the
system to yield a complete understanding of the whole. This is a very accessible method for a
person to tease apart the governing laws of a system. After all, surely the smaller item, being a
building block of the larger, will be easier to understand. However, there are sciences where this
method of dissection fails where analysis of the complete system at progressively finer scales
complicates the problem to the point of becoming intractable. While this progressive dissection
approach may be appealing, one must consider if an appropriate scale is being used. It can be
more efficient to conduct such an analysis at the level of whole objects or at some other scale
that is reasonable for the problem. Biological problems have been approached recently by
continuing to break them down into finer and finer scales until today we have the governing
sequence itself. However, this may not be the best level to address all problems. We must be
careful to choose the correct scale. As we shall see, properties of proteins which are not apparent
at the sequence level can be revealed when complementary information, such as the structure, is

considered. Further information can be extracted when the evolutionary relationships are



considered. In this case, understanding, which was not forthcoming at the sequence scale alone,

comes from an analysis at multiple scales.

What we have done for the past decade is listen to our own desires to have better lives through
the understanding of what makes life function so it can be modified to better accommodate us.
Perhaps there was also a need to find proof of our own uniqueness and separation from other

species. This has led to the sequencing of many organisms including ourselves, but during the

rush it seems we have overlooked the question: what do we do with it all?

The question that should have been asked at the beginning of the sequencing process has waited
until the crown jewel was claimed in the form of the completion of the Human Genome Project.
Sequencing continues with the belief that the sequence level is the correct scale to be analyzing
biological systems and with the hope that future scientists will be able to decipher the data. The
collection of data for future generations of scientists is an accomplishment with merit as long as

the information is not being collecting blindly.

Scientists are aware of the need to carefully select what information to collect. While there are a
few groups that appear to simply collect data without an apparent guiding goal, most choose
experiments that compliment others or existing knowledge. Along with sequence data, also
collected have been expression, kinetic and structural data. The complimentary nature of
expression, kinetic, and structural data often provide a richer means to gain additional
understanding. Sequence data provides the raw genomic data and some notion of the variation
present in alleles. Expression data provides an indication of the degree to which genes are
expressed under varied conditions. Protein kinetic and structural data provide information at the
level of molecular interaction within a cell. All these data complement each other and lead to a

more thorough understanding and new discoveries.

Sequence data has been collected to aid in the understanding of life processes. The fact that
biology is one of the oldest sciences but seems to have an ever growing list of questions to
answer suggests that life is highly complex. The paramount charge of biology is the
understanding of the organization and function of organisms. We also suspect that genetic
material, which is unique to each individual and popularized as “the blueprint of life,” controls
the organization and function of that individual. By sequencing the genome we expose the
mechanics of the organism, to varied extents, in all three major time frames — past, present, and
future. Remnants of past infections, genes that have lost their functions, and other wide scale

genomic alterations are still present in genomes today partially hidden by mutations which have



built up over millions of years and provide historical information. Functional genes along with
knowledge of what causes the machinery of the cell to activate them give information of the state
of the system as it is today. Finally, future insight may be gained through experiments that
“improve” genes using directed and random mutations. It may even be possible to predict the
effects of various environmental agents since detailed knowledge of the operations of the
genome brings understanding of how the organism will respond to the stresses of any given

environment.

The traditional method that has been used to further the understanding of an organism, at least at
the scale that molecular biology explores, has been to analyze a single protein in depth for an
extended period and often in isolation from other proteins that may exist in the biological system.
It is not uncommon for a molecular biologist to spend their entire lifetime studying a single
protein perhaps even at the end not understanding this particular protein completely. And this is
just one of possibly thousands of proteins in a single cell! This situation is further complicated
by the fact that proteins rarely, if ever, are autonomous, but instead work in tandem with other
proteins. This apparent slow progress should not be taken to reflect a lack of effort on the part of
the researcher, but instead should be testament to the complexity of even a tiny part of the
cellular system.

Today even more data is being amassed. Sequence data has not been enough to crack the
complete machinery of life, so now researchers are turning to expression data for both mRNA
and proteins, structural and kinetic data of proteins and interactions, tissue specific, and
organismal specific data. In an effort to better understand life processes. Thus far however,
these additional sources of information have not clarified the picture. Indeed, in most cases they
have made it hazier. While these types of data have been available in the past, the rate at which

they are currently being gathered has quickly outpaced our capacity to interpret them.

This synopsis may seem to present a fairly disillusioned view of the field. However, the intent
has been to summarize the forces that have brought us up to this point and to remind us of certain
limitations. The genomic era has only begun, and while there have already been successes, the
most ambitious predictions remain a long way off. But perhaps, even if a complete

understanding of life is not forthcoming, the rewards will be large enough.



Evolution Background

Disagreement has existed since Darwin proposed his theory of evolution between those that
sought to disprove it completely, those that favored not applying the theory to humans, and those
who have viewed it as a universal law. The debate has been based in scientific fact as well as in
faith, and the genome wide organism comparison projects will likely provide further fuel for this
debate. The sequence data provides a quantitative indication of our relationship to other
organisms. Not only are we very closely related to the apes, but also to a decreasing degree, we
are related to rodents, to plants, and even to microbes. While not proof of evolution, these

relationships certainly lend credence to the theory.

Whether one accepts the concept of evolution or not, mutations continue to take place in the
genomes of organisms as the result of failure of copying and proofreading mechanisms and
environmental factors. These mutations compound and provide variation in the genes. By
examining variation of a single gene within a species it is possible to rank the variability of
different parts of the gene’s sequence. It can be hypothesized that regions that are invariable are
of critical importance while variable regions are “placeholders” between the critical regions.
This idea is supported by the observation that if all regions had equal importance then
substitutions would be randomly spread out over the gene. However, if a segment is so
important that if it was altered the protein’s function would be compromised, this area would
show small amounts of variation. The failure of a critical protein could be lethal or result in an
organism being severely impaired. Because of the importance of these areas, they are seen as
constants in the genes of the living organisms. It is not so much that those sites never mutate, it

is only that those variations are never seen because the resulting organism is not viable.

Comparing alleles of a gene from different individuals in a single species can provide important
information, especially for a gene that mutates quickly. However, for slowly evolving genes this
method may never provide an adequate observation of variation. Even with a fast changing
gene, by restricting our view to a single species a huge number of individuals may need to be
examined before the variation becomes evident. Thankfully, the diversity of life can help with

this problem.

While different species may appear outwardly unique, many of their internal processes are highly
similar. The human genome has been suggested to be 98% identical to chimpanzee, 85% similar
to mouse, and even 75% similar to C. elegans. However, such measures of similarity can be

misleading. For example, the human-chimpanzee comparison is a projection based upon about



40 genes sequenced from both species and the relations extrapolated to the entire genome (the
genome of the chimpanzee has not yet been sequenced). Even when the genomes of both
organisms are available they can not be directly compared because of rearrangement, unique
genes, different numbers of chromosomes, efc. And while there are still problems with this
comparison method, such as questions regarding correct correspondence of genes, various

studies have yielded similar values.

The reuse of the same components of life among different species allows researchers to explore a
much richer source of variation. The diversity of life removes the need to gather sequence
information from a large number of individuals of a species in the hope of finding unique alleles.
The amount of evolutionary time that separates different species increases the chances of finding
variations in gene sequences and perhaps functions. Sampling additional species, especially
those with more distant relationships, should help to show more variation because of

independently accumulated mutations.

Protein Background

Many of the components being reused between biological systems occur at the level of proteins.
Proteins are remarkable biological entities. They are composed of only twenty different amino
acid residues that connect to form strings that fold into beautiful three-dimensional structures.
Occasionally, additional molecules are associated with structures such as ligands or metal ions.
People, familiar only with mechanical devices, may be surprised to learn that proteins perform
similar tasks of movement and alteration of other components. Proteins can also communicate
information throughout a cell and between cells within an organism and even between
organisms. Often tasks are performed by numerous individual proteins acting in concert. There

are even examples of proteins that have the ability to perform several different functions.

The amazing diversity and methods used by proteins to run life’s machinery has captivated the
attention of many scientists. While the scientists’ primary drive is for understanding of the
biological system, there are often practical spin offs that can emerge from unlocking the secrets
of proteins. Examples include increased food production and elimination of genetic diseases. To
tease apart the protein’s secrets, scientists have sought to identify specific amino acid residues

critical for its function. This endeavor relies on the assumption that most of a protein’s residues



only provide a structural scaffold for the critical functional residues. While the shape of the
protein is important for function, it has already been constructed. If the initial goal is not to
design a protein with unique function de novo, but to improve upon an already present function,

it is likely sufficient to focus on only certain residues.

Current approaches for elucidating the importance of specific residues in proteins typically
exploit information gleaned from analysis of at least two of the following: protein sequence,
protein structure, and evolutionary information. These methods exist on a gradient between
those based solely on experimental evidence and those based solely on computational
information. While once the norm was to use solely experimental evidence, a shift has occurred
recently to more computational methods. A summary of much of the work that has been done in
this area is available in Todd et al. (2001). The automated search for functionally significant
residues is expanding as researchers seek to discover new functions of proteins on an organismal
level. These methods move us further along the continuum towards pure computational methods
(Teichmann et al. 2001, Aloy et al. 2001, Elcock 2001).

The development of techniques to identify functionally significant residues in silico has only
begun. While techniques are still fairly analysis intensive, they are less time consuming than
unassisted lab work. In later sections we present and test a tool developed as part of this study to
aid in this research. While the tool is far from perfect, hopefully the unique method can aid the

advancement of the field by providing an alternative view.

Alignments and Phylogenetic Trees

Corresponding genes from different species often have corresponding sites that are a
consequence of the genes being inherited from a common ancestor. This correspondence allows
the genes to be aligned. The traditional view of an alignment is to have the sequence for a
particular organism listed left to right in rows where corresponding sites are numbered columns
called sites. Not all genes have correspondence at all sites as a result of a loss or introduction of
a site over the course of evolution. In these cases, gaps must be inserted to act as placeholders.
In extreme cases, sequence data may not show any correspondence and one must align the
sequences with the help of the structure since structure is assumed to be more conserved than

sequence.

Examining sequence data in the form of an alignment can be misleading. E.g. we may find there

are only two residues represented at a particular site. Initially, this would appear to be a site of



low variation and possibly represent a functionally significant site. Alternatively, this could be
the result of a slow mutation rate or representative of low sequence diversity. However, another
explanation may come from examining the proposed evolutionary history in the form of a tree.

Two hypothesized extreme cases are discussed below.

Alignment

ACB

>
Wwww > > >

Figure 1. Alignment and Tree of Low Variation

One possible explanation is that all this variation resulted from a single change. If we assume
that the ancestor of all eight organisms had a character ‘A’ at this site, we can see that all the
variation can be explained with a single change along one of the main lineages. This particular
tree is called the most parsimonious one for this dataset since it explains the data with the least
number of changes. Notice, at least with this dataset, the original assumption is not rigid. The
ancestral state could have been a ‘B’ but the main part of the argument would not change. Since

only a single change is present, we can say that this site exhibits low variation.
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Figure 2. Alignment and Tree of High Variation

An alternative possibility is high variation, which is shown in figure 2. Again, we can assume
without loss of generality that the ancestor had a character ‘A’ at this position. However, this is

an example of the greatest amount of variation possible with all the observed change taking place



close to the tips of the tree. Additional changes could have occurred earlier in the tree and likely
did if this site is as free to vary as it appears to be. However, without some knowledge of the
ancestral states it would be impossible to place a likelihood measure on these intermediate state

assignments.

Alternatively, we could be searching for residues that are covarying with each other. The idea
here is that the change of one residue may disrupt the function of the protein, but that change can
be compensated for by a simultaneous change at the covarying site (Kim ef al. 1994). While a
very useful and potentially informative discovery, again, when we restrict our view to only the

alignment we see how we may be misled.
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Figure 3. Alignment and Tree of Covariance

In the above alignment example whenever an ‘A’ occurs at the first site a ‘D’ occurs at the
second site. Further, whenever a ‘B’ occurs at the first site a ‘C’ always occurs at the second
site. If we submit this observation to a statistical test we would find this observation to be very
unlikely to occur at random and so must be very significant. However, by examining the
evolutionary relationships of the organisms we see that the apparent covariation is not that
spectacular. There were two changes from the ancestral state along different lineages of the tree
and these sites have not changed since then. Of course, with all these examples the tree needs to

be correct, since our explanation rests on the accuracy of the tree.

We have examined where trees may be used to provide alternative explanations to patterns in
alignments that initially appear to be highly significant. But where do these trees come from?
All trees are inferred, but the source and quality of the data from which trees are being inferred
varies. Some choices of characters that have been used include morphological characters such as
skeletal and anatomical structures and even the calls of songbirds. Others have included more
modern molecular sources such as DNA. Another source is the comparative anatomy and

stratigraphic record provided by fossils. With the help of geologists, paleontologists can deduce
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the age of a fossil by its depth in the sedimentary rock layers and radiometric dating. By finding
several examples of a fossil, boundaries can be placed on the species’ existence in history. By
comparison of these relative boundaries in conjunction with an analysis of morphological
characters a tree of life can be built that is fairly non-controversial. The tree constructed from
traditional comparative anatomical data in conjunction with the stratigraphic range will be
considered to be the correct or true tree throughout this paper, and will be the tree to which all
others are compared. There can be no certainty that these trees are correct. Nevertheless, there

is broad acceptance of these trees and which are based on a variety of disciplines.

The inference of trees from sequence data makes three major assumptions about the
characteristics of the data, which are required properties of data to yield the correct tree. The
first assumption is that all sites are independent, meaning that a change in any site has no affect
on any other site. The second assumption is that the frequency of each residue type is equally
represented across species. The third assumption is that the probability for mutation is equal
regardless of the residue type. All these assumptions have a further restriction that they be
present in the extant sequences (those at the tips of the tree and those for which sequence data is
available) as well as throughout the lineages of the tree. Unfortunately, the data often violate

these assumptions of the inference methods and suggest an incorrect tree as a result.

Studies addressing covariation of residues in proteins have provided examples of where the
mutation of a single residue disrupts the function but a mutation in another residue restores the
function (Korber ef al. 1993, Rongey et al. 1993, Kim et al. 1994). This relationship strongly
suggests that these residues are working in tandem and thus are not independent. The affect that
such covariation has on the inference of phylogenic trees is unequal weighting of the
contribution of sites. Inference methods take the collective suggestions made by each site and
construct a tree that summarizes these suggestions. If sites are covarying they are dependent to
the point that knowledge of either site can be used to determine the state of the covarying site.
The level to which the determination can be made is a measure of the possible covariance
(Shannon 1948, Clarke 1995, Lapedes ef al. 1997). Maximum covariance would allow a perfect
prediction of either site given the other and so this particular suggestion is being made multiple

times and being overemphasized.

If sequences have uneven base compositions (unequal occurrence frequencies) there is a
tendency to favor some residue types over others. The affect that this has on inference
procedures is that sequences with similar base compositions have a greater probability of

appearing similar and thus will be clustered nearer to each other and may not be representative of
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the correct phylogeny. It is possible that a change has occurred causing an entire group of

organisms to have similar base compositions. This will not harm the overall inference, since the
group should be clustered together anyway, but may affect the resolution or the accuracy within
the group. However, if distant organisms have similar base compositions they may be clustered

erroneously.

Characteristics of different species may give them different mutation rates. Consider the
birthrates of organisms with the understanding that a lot of genetic variation is introduced by the
young of the species through recombination events at conception. Two distant species that have
high mutation rates may be clustered together by mistake after all of the differences that
separated these sequences have been obliterated by a fast mutation rate. Unfortunately, inference

procedures are often susceptible to failures caused by assuming the substitution rate is constant.

An implied assumption suggested by the need for the mutation rate to be similar is that changes
should be irreversible. While irreversibility of state would be ideal for inference procedures, it
certainly does not reflect nature. When examining amino acid sequences there are only 20
characters to choose from and nucleic sequences only have four. Even if each change at a site
yielded a different character there is an inherent limit on the number of changes a site could

accommodate before information is lost by the repeat of a previous character.

Another problem referred to as “among-site-rate-variation” addresses the observation that the
mutation rate is not even constant across the single sequence of an organism. There are hotspots
along a sequence where mutations occur rapidly while other areas have little to no visible
evidence of mutation. Observation of these constant sites can be very useful in determining the
critical residues responsible for the function of the protein, but are uninformative to phylogenetic

inference methods.

The among-site-rate-variation problem was the first one that we have examined that suggests that
the assumptions can be broken on a site basis (other than perhaps the site independence
assumption). The assumptions have been described at the level of entire sequences, but more
generally violations occur to varied degrees on a site-by-site basis. Mutation rates, base

compositions, etc. can all be varied at different sites.

Not all inference methods make all these assumptions. Nor are the effects that the violation of
these assumptions may have on a particular method equal. There have been methods designed to

explicitly address certain methodological weaknesses, but these often require detailed knowledge
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of the sequences themselves. There is currently no method that should be blindly used for
phylogenetic inference. There are methods that can be used to judge the quality of an inferred
tree, and of course one can compare the results of different methods. This should always be

done carefully before drawing a conclusion.
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Motivation

People collect sequence and expression data and to some extent kinetic and structural data
because it is easy, at least when compared to the higher level goal of understanding function of
the genes and the interacting networks in which they exist. And while the collection of these
data provide an important starting point for future work, independently their full potential is
unlikely to be realized. Improved understanding of the biological system will likely come from

combining different sources of information.

One method that has traditionally been used to gain understanding of the function of a gene is
site directed mutagenesis. This is a procedure where individual or groups of residues in a protein
are altered or completely removed. The altered protein is then observed, in vivo (in a living
system) or in vitro (in a test tube), for characteristics different from the native version. A major
drawback to this procedure is cost. This method can be very time consuming at best or
prohibitive considering the size of some proteins. Also, the mutation of a single residue at a time
may not be enough to tease apart the function. Even the complete disruption of the particular
protein may not be enough if the organism has another protein that is able to replace it
functionally. Mutation of several key residues or mutation of different subunits may be needed

yielding an explosion of combinations.

Today it is possible to collect several types of data including sequence and protein structural data
for a large number of genes across a large number of organisms relatively efficiently.
Phylogenetic trees for a fairly broad range of the animal kingdom are known and are fairly
uncontroversial. While there may be debate about the relationships at the species level, the

relationships among genera and families are less controversial.

We have discussed some of the motivations for collecting genome sequence data. We have also
discussed the fact that many organisms share homologous genes with corresponding sites that
can be aligned in a tabular arrangement, referred to as a multiple alignment. Insights can be
gained from the multiple alignment of the areas of a gene that are constricted in some way
preventing change. We also examined cases where a phylogenetic tree can present a more likely
explanation for apparently unlikely events in sequence data when only the alignment is
considered. We note is that for several proteins there is structural data to complement the
sequence data. It is the general structure of proteins that is assumed to give each class of

proteins its unique function. We ask the question: Is there some way that the alignment,
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phylogenetic tree and structural information can be harnessed to ease the search for the most

elusive property of the protein, namely its function?

In a previous section the inference of phylogenetic trees was discussed in conjunction with the
assumptions required by the inference procedures. Most methods require that the sequences
behave as strings of independent residues without any reversion of character states for the
inference procedures to infer the correct tree. However, structural requirements, folding
pathways, and other constraints place restrictions on the selection of the characters in the gene

that code for the protein.

The restrictions placed on the possible mutations that can occur in a gene and remain functional
are tightly correlated with the function of the protein. Site directed mutagenesis studies can help
deduce the function of the protein and which residues are critical for that function, but in the
absence of a criterion to choose which sites should be mutated the procedure is prohibitive. In
this study we show how the combination of phylogenetic trees with sequence and structural data
can be used to identify candidate sites for mutagenesis experiments. Residues that violate the
assumptions of the evolutionary model are identified through a comparison of the inferred
phylogenetic tree to a known tree topology. Some force is causing these residues to behave

non-randomly and those are the ones that should be examined.

Further information can come from combining the analysis of the phylogenetic support of
individual residues with the positions of the residues on the protein structure. Residues that are
changing randomly and have no constraints should be scattered all about on the structure. By
contrast, residues that cooperate in carrying out a localized function should be spatially clustered

on the protein.

This paper is a case study of the comparison of the widely accepted tree to a tree that has been
inferred from sequence data of five proteins. A new metric is introduced which is derived from a
commonly used metric of measuring the quality of the support that a particular site gives for a
tree under parsimony. This information is presented in the context of the structure of the protein
and the clustering (or lack of) patterns observed. A software tool implementing the metric and
blending the information from alignments, phylogenetic trees, and structure developed for this
research is presented. The results are presented followed by some speculation to what might be
causing erroneous trees to be inferred. The relationship of the implicated residues to those of
known importance is discussed. Unfortunately, no experimental tests of the implicated residues

have been performed at this time.
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Chapter 2. Materials and Methods

Random Sampling

In the Results section the spatial clustering of amino acid residues seen in each dataset is
subjected to a statistical test by comparison to a distribution built from random sampling. By
comparing the value obtained from the cluster to the distribution we can determine the chance
that this particular cluster would appear at random. The values are computed by simply

summing the squared differences in distance between all pairs in a cluster, i.e.

§ :Z;[(xi_xj)z +(yi—yj)z+(zl. _Zj)z]

Equation 1. Sum of Squares

Here x, y, and z are the corresponding Cartesian coordinates of the Cu positions of an amino acid
residue along the three major axes of the protein. Values are squared to ensure there are no
negative values. Only the Cq positions are considered in the sampling. Alternatives can be
imagined such as sampling the extents or centers of the side chain residues. While this would be
perfectly acceptable, using the Ca positions only is a commonly used approximation. This also
protects a person to some extent from errors that may be in the structure that will be more

exaggerated in the side chains.

The following figures, from left to right, are examples of results of tests where the clustering is
clustered more than expected by random, clustered as one would expect by random, and more

dispersed than one would expect by random.

0 0,
11198 11198 11198 11198 11198 11198 11198 3547 3548 3.549 355 3551 3552 3553 2200 2300 2400 2500 2600 2700 2800
7 s
x10 x10

Figure 4. Examples of Randomly Sampled Distributions
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Retention Index

The Retention Index (RI) was suggested by Farris (1989) as a quantitative measure to assess the
amount of homoplasy that individual residues have in an alignment with respect to a
phylogenetic tree. It was offered as an alternative to the previously used consistency index
(Kluge and Farris 1969, Archie 1989, Klassen et al. 1991) since RI has the advantage of being

normalized in a range [0,1]. Farris defined RI for site i as

M, —t,

M, —m,

RI, =

1

,for M, # m,

Equation 2. Retention Index

where given the residues at site i, M; is the maximum number of changes possible, m; is the
minimum number of changes possible, and ¢ is the number of changes implied by the maximum
parsimony criteria and this tree. Unfortunately, there are some critical areas where R/ is
undefined. Namely, R/ = o for any site where the M; = m; which will occur at constant sites
(only one residue type present in all taxa) and at sites where it just happens that M; = m;, but
M;,mi>0.
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Retention Index Difference

The Retention Index Difference measure is a method introduced by this paper. This is simply
the difference between the corresponding RI values for the same alignment between two trees.

Expressed in vector form this would be:

RI

tree2

RI,, =RI

treel —

Equation 3. RI Difference

This measure gives a sense of the relative degree of homoplasy (identical states not the result of
a shared ancestor) of a dataset with respect to the trees being compared. Since RI values have
the range [0,1] corresponding to a gradation of high homoplasy to no homoplasy respectively, we
immediately see that the Rlgisr values have the extended range of [-1,1]. For Rlgis=-1, we must
have the situation where Rliee1=0 and Rlwee2=1. This situation would happen when the dataset
suggests that treel has maximum homoplasy and that the dataset perfectly supports tree2. When
Rlgis=1, the opposite must be true, namely Rlgee1=1 and Rliee2=0. This happens when the dataset

suggests that treel has perfect support and tree2 has maximum homoplasy.
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Figure 5. RI Compare Interface

A major portion of the time invested in this research project was the development of the tools
used to collect and analyze the data. The analysis tool that was developed focused on the
presentation of the aforementioned RI Difference, but also allows the user to explore other
properties and measures of the data related to the RI Difference measure. These alternate
measures include the raw RI values, measurement of the variability, residue types, efc. For a
complete explanation of how the tool is used the reader is referred to the RI Compare User

Manual, a brief description of the main components will be discussed here.

This section will provide an overview of how the user interacts with the tool and how the tables
of values are computed. When the program starts the user is presented with a blank invocation
of the method and as the information is provided the interface will expand to resemble that
shown in the above figure. Multiple invocations are possible allowing cumulative information to

be displayed. This is useful in the situation where there are multiple chains in a single protein
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allowing an analysis to be performed on each chain in its natural combined context giving hints

to possible interactions between chains.

The input to the tool is a set of aligned sequences in FASTA format, two trees relative to the
aligned sequences in nexus format, and a PDB file containing the structure on which residues are
to be highlighted. The tool performs pairwise alignments to find which chain of the structure
best aligns with which sequence from the alignment forming a map between the alignment and
the structure. If multiple such pairs exist, the user is given the choice of which pair to use.
While a structure is not required for computation of the RI and related values, it is required for

cluster analysis and discovery of spatial patterns.

As the user loads the tree files they appear side-by-side. Clades that are common to both trees
are highlighted in boldfaced blue. Otherwise, the clades are drawn in black. This helps draw

attention to the regions of the trees that differ between the two topologies.

Analysis of the information starts when the user selects the site properties tab for either of the
trees. When these tabs are selected, several properties are computed for each site including the
minimum, maximum, and actual number of steps implied by the tree, the retention index, and the
represented residues. This information is computed for every site in the aligned sequences for
both trees.

Steps are transitions between residues implied by a particular tree. To count the number of steps
a matrix is first created where each element is the number of times that a particular residue is
implied to change to a different residue (the total number of steps is then a sum of the all the
elements). This information is found by making a pass through a tree after the residues of the
internal nodes have been estimated using parsimony (the program does this). For each node on

the tree the residues of the children are examined and changes are counted in a recursive fashion.

The minimum and maximum possible numbers of steps are independent of the tree and
computed in similar ways. Conceptually, the goal is to find a tree topology that implies the
minimum number of steps and another for the maximum number of steps for each site separately.
It is not necessary to try all possible trees to find the minimum and maximum trees, and in fact
no trees need to be tested at all. The minimal possible tree length for a site is simply the number
of types of a residue minus one. The maximum tree is found by greedily clustering dissimilar
residues together and then finishing by clustering the greedily assembled clusters in any order.

Instead of using an iterative procedure suggested by their descriptions, a closed form equation
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exists for both of these values. The minimal number of steps is the number of unique residues at
the leaves minus one, and the maximum number of steps is the number of sequences minus the

number of times the most frequent residue occurs at this site.

While the minimum and maximum numbers of steps are topologically independent, the actual
number of steps can only be inferred using a tree. The tree's leaves are first populated with the
taxa's residues for a given site. A pass is then made through the tree to populate the internal
nodes using an unordered soft polytomous algorithm. This algorithm is well suited for machines
because it is simply a number of set operations performed at each node recursively. After the

internal nodes are populated the implied changes over the tree are scored and summed.

For each site in the aligned sequences the retention index is computed using

R[ — Sde - Sﬂ‘@@
S =S

min tree

where S, .. 1s the maximum number of steps that could represent this data, S, is the minimal

min
number of steps, and S, ,
while S,

topology. The retention index is used as a normalized consistency index to show relative support

is the number of steps implied by a tree using parsimony. Remember,

is restricted to the supplied tree, S, and §,,, are not restricted to that particular

for a particular tree among sites.

Having computed the retention index for both trees, we proceed to the site differences tab. This
tab displays the site position and the difference in retention index values between the two
topologies as well as the individual RI values. The more positive the Rlgifr value, the greater the
support this site provides for treel. The more negative, the greater the support is at this site for

tree2. Sites with a value of zero are sites that support both trees equally.

In both the site properties and site differences tabs the user can select and unselect multiple sites.
If a PDB file has been loaded then the selected site will be highlighted on the structure. The user
may interact with the structure through rotating, zooming, and translating to explore the

relationship of the highlighted sites.

Selected sites can also be subjected to a basic statistical test to help the user evaluate the
significance of an apparent spatial cluster. The test uses a collection of residues selected by the
user and computes a UPGMA tree based on the relative spatial distances of the selected residues.
The cluster structure of the UPGMA tree helps the user assess the presence of multiple clusters

in the data. Testing continues after the user selects the portion of the UPGMA tree containing
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the subset of residues to examine, which may be the entire tree. After the subgroup is selected,
random sampling of the same number of residues as that selected is performed with each random
sample being fed to the sum of squares formula. The random sampling is done several million
times (the exact number is controlled by the user) and a distribution of the results is computed.
The sum of squares result for the selected residues is also calculated and compared to the
randomized distribution. P-values are computed and displayed along with the distribution and
relative position in that distribution of the sum of squares value of the selected residues. This
method is used since the data may not match any theoretical distribution and there is no need to
estimate any distribution parameters. The p-values can be examined and appropriate cutoff
values such as 5% or 95% applied to determine if the particular clustering is more tightly
clustered or more dispersed than one would expect from a randomly selected collection of
residues from the protein. However, one needs to be careful to consider the possibility that
multiple clusters may exist in the selected residues which may have significant p-values
independently, but when considered as a single group may have low significance. This problem
is partially addressed by presenting the UPGMA tree prior to sampling giving the user a chance

to examine relative distances between potentially separate clusters.

Also present are options to allow the user to quickly highlight residues or sites on both the
structure and alignment using cutoff values. While the main focus of the project was examining
the presence of clusters using a new measure and showing one way that protein structure can
give insights into the relationships of implicated residues that alignments can not, the need to
view these sites in context of the alignment still exists. Because of this need the alignment

options remain available.

The primary use of the RI Compare tool, in addition to being a demonstration of the RI
Difference measure, is to be a hypothesis generator. Researchers are given the ability to analyze
and explore data in a new context and generate questions that are addressed by new research. It

is important to understand that no particular hypothesis is being addressed by these procedures.
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Data Collection
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Figure 6. Data Collection Tool

The data collection tool developed and used in this project, SP-Parse (SWISS-PROT Parse),
warrants explanation. For the bulk of this project six datasets were used: cytochrome b,
rhodopsin, myoglobin, and hemoglobin a and B. However, for this tool to be verified and the
power fully extracted a separate tool was created to aid in building datasets. While the
development of this tool was not yet finished at the time of writing, it was complete enough to be
significant help. The missing components were not critical to the completion of this project and
mainly involve making the tool easier to use as future data becomes available, namely

incremental updates and some basic machine learning techniques to automate some of the work.

In the above figure a snapshot of the dataset builder is shown. The idea of this tool is
straightforward, but implementation was more complicated. The input to the software is the
entire SWISS-PROT and TrEMBL (Bairoch ef al. 2000) datasets and any associated sequence
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addition or revision or annotation update files. These databases are flat files of nearly half a

million proteins with detailed annotations totaling nearly 1 gigabyte in size.

The program first reads the supplied databases collecting information about each protein
including the description, accession number (a unique identifier for the protein), source species,
any associated PDB filenames, and file position information for quick random access. Since our
interest is in comparing true trees to those generated by inference, the true trees must involve
fairly uncontested areas of the tree of life. As a result, as the data is loaded, proteins from
viruses, bacteria, and archea families of life are excluded. This leaves only proteins from the

organisms of the eukarya kingdom though this pruning may be altered by the user.

Once records have been loaded for each of the proteins to be used, the user is presented with a
list of proteins that have known structures. Few of the proteins that are in SWISS-PROT or
TrEMBL have associated PDB files. However, since we are interested in displaying information
about a set of sequences for a protein in context of a protein structure it is important to first start
with proteins that have associated structures. The user begins to build a dataset by entering a
search string or by selecting one of the listed proteins, which builds a search string based on the
description of the selected protein. It is the user's responsibility to find the appropriate search
string as it would be too unreliable to expect the machine to select the most appropriate
keywords from the description. The search string is used to search the descriptions of all of the
proteins tying together related proteins. These selected proteins are shown to the user in context

of all of the available proteins in a new panel.

After the initial search has been performed, the selected proteins can be used to construct an
initial working set. Further searches can be done to add to the collection of proteins. The
working set is displayed in a third panel to allow the user to manipulate searches independent of
each other. The SWISS-PROT or TTEMBL entry for each of the proteins presented in any of the
three panels can be viewed at any time, but the working set proteins get special attention. The
user can display the sequences of the selected proteins in a quick unaligned form or in an aligned

fashion (the multiple alignment of the sequences performed by an external call to ClustalW).

The user must evaluate the quality of the data based on the multiple alignment the descriptions
and related information available in the associated SWISS-PROT and TrEMBL entries. For
closely related proteins this is generally fairly easy to do. However, distantly related proteins
can occasionally appear to share no relationship at all and may require additional work after the

data has been saved. It is easy to see how unrelated sequences could be added since the main
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mechanism used to construct the datasets is keyword searches. For instance, one may search for
the name of a protein but also get proteins that are described as proteins that bind to the sought
after protein. If the user is working with closely related proteins, such extraneous proteins
generally are readily apparent in the multiple alignment.

Once the user is satisfied with the quality of the data set, the final step is to save the dataset to an
empty directory. The raw SWISS-PROT entries, unaligned and aligned FASTA files of the
sequences from the selected protein, copies of the related PDB files, two initial phylogenetic
trees, and a log of choices and searches that the user performed while constructing the dataset are
placed into this empty directory. The log file can be used to reconstruct or update the dataset and
also as a training set for the software to associate important keywords building an ontology for
the researcher’s domain. The two phylogenetic trees that are generated are based on different
data and often give surprisingly different results. One tree is generated from applying the
neighbor-joining algorithm to the protein sequences while the construction of the second tree is
guided by the lineages of the species from which the proteins originated. These trees can later be
more finely resolved by the user or provide a starting point from which the true tree can be
created. A future addition would be to consult an online database of phylogenetic relations such
as The Tree of Life (Maddison et al. 1994) or prune a massive supplied tree to construct the true
tree for the user.
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Chapter 3. Results

Overview

The goal of this study was to improve phylogenetic inference procedures through the
identification of collections of residues in an alignment that did not conform to the model of
evolution being used. This goal was later expanded to searching for functionally significant
residues after considering reasons that alignment sites were misleading. Five separate datasets
constructed from the proteins cytochrome b, rhodopsin, myoglobin, and hemoglobin o and
hemoglobin § were analyzed. For each protein a short functional and structural description is
given followed by a brief comparison of the correct and inferred trees and finally the results of
the analysis with discussion. While both trees (the tree built from external information and the
tree inferred from sequence data) are included in each section, the alignments are found in the

appendices. Also found in the appendices are complete lists of RI and Rlair values.

The following shows the layout that is used for the results along with descriptions of what is

found in each pane of the layout:

Structure of the dataset’s protein with the residues matching the UPGMA tree with branch lengths of

particular criteria highlighted. The color of the residues is dependent | spatial positions of the residues in this

on the amino acid type at that position in the PDB from which the category. Note: Branch lengths are
structure was derived. A table of the residue color, type, properties, consistent in each tree but are not
etc. is available in the appendices. normalized across each tree.

Graph of the distribution built from
random sampling of the same number
of residues as in the category from all
residues in the protein. Highlighted
portion shows relative position of
observed sum of squares value in the
distribution. Also shown are values

related to the statistical test.

Cytochrome b Dataset
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Figure 7. Cytochrome b

Functional and Structural Description

Cytochrome b is a protein involved in electron transfer across the cell membrane. This
transmembrane protein, part of the larger cytochrome bei complex (a dimer consisting of 11
monomers), has either one or two noncovalently bonded heme groups where part of the heme
group is always associated with a highly conserved histidine residue. Cytochrome bci works
cooperatively with NADH dehydrogenase and cytochrome oxidase to provide aerobic respiration

in the mitochondrion.

While the structure of cytochrome b has only recently become available (Xia et al. 1997),
thousands of sequences from diverse organisms are available in repositories. This availability of
data has been a factor in the use of cytochrome b for phylogenetic studies. Also, since
cytochrome b is a mitochondrial gene, it’s inherited only maternally in plants and animals and
does not undergo recombination events. Also, because of the shear number of mitochondria in a
single cell, the number of copies of any mitochondrial gene is much greater than any nuclear

gene facilitating data collection. Also, the rate of evolution is approximately an order of
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magnitude faster than nuclear genes (Pesole et al. 1999). The increased rate of mutation is
important for finer resolution of closely related organisms, but does have a greater potential for

multiple mutations to cause reversions to previous states.

A reminder about mutation rate is called for since this is the first dataset to be examined —
mutation rate is not constant between species. We have made the assumption that the mutation
rate is fairly constant, but because our datasets are restricted to vertebrates with fairly
uncontroversial relationships and an occasional invertebrate to form an outgroup we are fairly

safe.
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Phylogenetic Analysis
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Figure 8. Cytochrome b Phylogenetic Tree Comparison

Shown above is a highlighted illustration of the similarities between the assumed true tree on the
left and the maximum parsimony consensus (MPC) tree on the right. The differences between
these two trees are examined below. Amphixous, a member of the phylum chordata, is separated
from the other members of chordata by the incorrect insertion of the urchin clade in the MPC
tree. Another problem with the MPC tree is the mix up of the marsupials and rodents. Myoxus,
the dormouse and clearly a rodent, has been inserted between the marsupials, possum and
kangaroo. Similarly, the platypus is clustered with the rodents instead of the marsupials. The
MPC tree also has a problem with the relationship of the birds, alligator, and turtles (pelomedusa
and chrysemys). One might suspect that alligator would be related to turtles. However,
extensive comparative anatomy indicated that alligators are actually more related to birds. The
last main problem with the MPC tree is the mixing of the boney and the cartilaginous fishes.
There are other problems which can be easily identified by examination of both trees, but the

major ones have been stated.
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Results
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Figure 9. Cytochrome b — RI Difference < 0.0 Highlighted

With the residues in the Rlgisr < 0.0 category highlighted we see that most lie in the
transmembrane region. While the distribution does not suggest significant clustering, there do
appear to be two or three main clusters in the UPMGA tree. There is also an abundance of green
residues representing the hydrophobic residues isoleucine, leucine, and valine. The significance
of this observation is questionable since the majority of residues in the transmembrane region are

of these types.
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Figure 10. Cytochrome b — RI Difference < 0.0 Highlighted (Alternate)

Having suspected clustering in the previous experiment we test this by removing the outermost
group of residues in the UPGMA tree from consideration. This will increase the significance,
but we must be careful not to be misled by this. Four residues were removed from outside of the

transmembrane region. These residues were on the extreme edges of the protein and had no
apparent relationship to each other.
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Figure 11. Cytochrome b — RI Difference < 0.0 Highlighted (Alternate 2)

Continuing to peel off the outer groups of residues from the UPGMA tree, further residues
outside of the membrane are removed from consideration. The significance increases further,
but this will happen whenever outer groups of the UPGMA tree are removed. The clustering
within the transmembrane region is becoming clearer now though. While no rigid criteria were
applied for removing particular residues in the Rlgifr < 0.0 category from consideration, doing so
has provided a means to more clearly see the clustering that was in the original plot but was
obscured by the residues outside of the transmembrane region. Considering this plot, there
appears to be significant clustering on the set of helices not associated with the two hemes, and

perhaps to a lesser extent some clustering on the helices with the hemes.
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Figure 12. Cytochrome b — RI Difference <= -0.0830 Highlighted

The application of a cutoft value to the Rlaitr < 0.0 category helps to isolate the tightest cluster.

There are still residues that are outside of the membrane, but the clustering is fairly clear without
removing any portion of the UPGMA tree.
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Figure 13. Cytochrome b — RI Difference <= -0.0830 Highlighted (Alternate)

By removing only two residues from consideration, the significance increases considerably. The
tight cluster on the helices not associated with the two heme groups is clear. A few extraneous

residues still exist, which may be a result of the crudeness of the method or data.
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UPGMA tree not shown due to its
extreme size.
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Figure 14. Cytochrome b — RI Difference = 0.0 Highlighted

While the statistical test shows a weakly significant clustering, it is hard to see this visually with
residues highlighted all over the protein without any clear pattern. Perhaps this significance
result is because the residues are not evenly distributed in the volume of the protein. Basically,
this graph has residues dispersed throughout the entire structure, but does provide a nice example
showing the disproportionate distribution of the residues types in the three main regions (the two

non transmembrane regions and the transmembrane region).
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Figure 15. Cytochrome b — RI Difference > 0.0 Highlighted

No apparent patterns are visible when considering the residues with positive Rlgifr values. There
are several in the transmembrane regions and most of those are around one of the heme groups
favoring the portion of the transmembrane region complementary to those in the Rlgifr < 0.0
category. The residues in the transmembrane region in this category typically had smaller Rlgisr
values; however, the largest value was 0.33.
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Figure 16. Cytochrome b — Sites with No Change Highlighted

While the clustering that was observed in previous plots examined residues based on Rlgifr values

in the transmembrane regions, invariant residues behave in a complementary fashion by favoring

the non-membrane regions. After highlighting the invariant residues, there appears to be tight
clustering on both sides of the transmembrane region. While there are a few scattered

throughout the membrane, it is interesting to note that these are not green residues (isoleucine,

leucine, and valine residues) which are by far the most common in that region. Also, while there

appears to be a favoring for the residues to be clustered on a particular side of the protein, this is

only a consequence of the distribution of the residues. The side with the higher number has

several helices which help to pack the area with more residues than the opposite side that mainly

has strands as the primary secondary structure. Strands are basically linear arrangements of

residues and therefore can not pack the residues nearly as tightly. One should note that most of

these residues have Max Change = Min Change = 1. Examination of residues in the subset of

this group with Max Change > 1 did not appear to have the same clustering pattern.
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Figure 17. Cytochrome b — Sites with RI = co Highlighted

Highlighting the residues that have undefined RI values gives an interesting graph. Again, as
with the invariant residues, there appears to be clustering on both sides of the transmembrane
region, or at the least if there is no clustering there is a tendency to avoid the transmembrane
region. The residues that are in the transmembrane region are along the helices associated with
the two heme groups. Also, these residues are generally not the hydrophobic residues isoleucine,
leucine, and valine (shown in green) that predominate this region.
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Figure 18. Cytochrome b — Sites with True Tree RI = 0.0 Highlighted

Examining residues that have the lowest allowable RI values with respect to the true tree, we see
there is a definite avoidance of the transmembrane region. The distribution shows an
arrangement that is more dispersed than the mean is, but it is not significant at the 0.05 level. It
should also be clear that from the arrangement present in the graph, we should expect the test to
indicate a more dispersed pattern. This is because there are two groups of residues straddling an
area without any. When randomly sampled, the region without any highlighted residues is also
sampled. This example also helps to show that the statistical test alone is insufficient to
determine if there is clustering. While there are clearly two clusters in this graph, because they
have such a great distance between them, the test shows no evidence of clustering. However, the
UPGMA tree hints at it by showing the large branch length between the two clusters. Visual
inspection affirms the UPGMA observation.
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Figure 19. Cytochrome b — Sites with True Tree RI = 1.0 Highlighted

Highlighting the residues that have the greatest allowable RI values with respect to the true tree
shows no apparent patterns. There appears to be a greater portion of the residues in the

transmembrane region than there was with Rlie = 0.0.
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Figure 20. Cytochrome b — Sites with MPC Tree RI = 0.0 Highlighted

Only a few residues are different than those in the Rlwe = 0.0 category. Refer to the notes for

that section.
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Figure 21. Cytochrome b — Sites with MPC Tree RI = 1.0 Highlighted

Only a few residues are different than those in the Rl = 1.0 category. Refer to the notes for

that section.
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Rhodopsin Dataset

Figure 22. Rhodopsin

Functional and Structural Description

Human eyes have two main photoreceptors, rods and cones, which cooperate to allow us to see
in color and also have some sensitivity in the dark and to motion. The cones, concentrated in the
center portion of the eye, provide the eye’s sensitivity to various colors as well as the highest
visual acuity. There are at least three different cones to provide three different response curves
to different colors of light. Interestingly, there are also instances of rare mutations, only present
in human females, of a fourth cone that is sensitive to a blend of red and green type, bestowing
tetrachromatic vision. But, there are also birds that commonly have more advanced color vision

systems such as tetra- and pentachromatic vision (Pichaud et al. 1999).
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The rods predominately occupy areas where cones are not present. While the majority of the
cones are present at the center of the eye, rods are concentrated in the surrounding areas. Rods
can not discern between different colors, and in fact are completely insensitive to reds, but
provide some degree of night vision (rods are nearly 1000 times more light sensitive than the
cones) and peripheral vision (explained by the distribution of the rods favoring areas of the eye
other than the center), and are much more sensitive to motion than the cones (due to a quicker
response times). What gives the rods their light sensitivity is a protein called thodopsin which

has a photosensitive chromophore called retinal.

Rhodopsin is similar to cytochrome b in that it is a member of a large family of proteins called G
protein coupled receptors. Rhodopsin is also a seven helix transmembrane protein. Rhodopsin is
a fairly conserved protein demonstrated by an 87% conservation of the 348 or so residues
between human and cow. Also some information is known concerning functional constraints of
rhodopsin. These constraints include the existence of a disulfide bond, but also folding
requirements to hold and interact with the retinal chromophore and rhodopsin kinase (Hwa et al.
1999, 2001).

Rhodopsin may also have a second function suggested by recent work (Crandall et al. 1997).
Organisms that are never exposed to light, such as cave dwellers, have rhodopsin with a similar
rate of evolution and structural arrangement as organisms that live in the sunlight. This suggests
that the functional constraint has not been lost even though the light sensitivity function is not

needed. It was hypothesized that rhodopsin may also play a critical role in circadian rhythms.
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Phylogenetic Analysis
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Figure 23. Rhodopsin Phylogenetic Tree Comparison

The inferred tree from the rhodopsin data was fairly close to the assumed true tree. While a
superficial inspection suggests several differences, many of these are minor. For instance,
several of the individual clades, such as the rodents and fish, have only a single branch that is out
of place. The major conflicts between the two trees arise in the arrangement of the smaller
clades. The mammal clade, comprised of several smaller clades, is where most of the

disagreement exists. Also, the green anole is positioned incorrectly to a significant extent.

It should be noted that it’s not uncommon to see some small disagreement at the level of a clade,
such as the rodents shown in these trees, even if the tree is comprised of distinct species.
Rhodopsin is a fairly conserved protein and so has a fairly slow mutation rate. If the organisms
within the clade have not had sufficient time to diverge, the inference procedures may make
erroneous associations as a result of noise. In other cases, lack of resolution can occur if no

changes are present, and a polytomy will be formed, which is seen in this dataset.
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Figure 24. Rhodopsin — RI Difference < 0.0 Highlighted

There appears to be a clustering of the Rlgifr < 0.0 residues associated with the transmembrane
region spilling into the adjacent membrane region to one side of the protein. The statistical test
indicates the clustering is not significant, but this might be the result of two competing clusters
as discussed earlier. Alternatively, one could view these residues as being related by association

with the helices connected to the retinal group.
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Figure 25. Rhodopsin — RI Difference < 0.0 Highlighted (Alternate)

By removing the four residues on the side of the protein where there was not apparent clustering,
the significance value increases and the clustering becomes more apparent. There is an apparent
clustering on the helices involved with the retinal ligand continuing into one of the non-

transmembrane regions.
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Figure 26. Rhodopsin — RI Difference < 0.0 Highlighted (Alternate 2)

This graph shows the clustering of the four residues that were removed to generate the previous
graph. While the cluster has a high significance value, it is predisposed to be so given that it is a
small group selected from the UPGMA tree. An interesting related artifact arises when the
number of residues randomly sampled is reduced. The null distribution shifts to the left and
deforms slightly. As the number of residues randomly sampled is increased, the distribution

shifts to the center and is more of typical bell shape.
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UPGMA tree not shown due to
extreme size.
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Figure 27. Rhodopsin — RI Difference = 0.0 Highlighted

Rhodopsin is a fairly conserved protein so it is not too surprising to see that the majority of the
residues fall into the Rlgirr = 0.0 category. While having the majority of the residues in this
category does not necessarily suggest a conserved protein. The degree of conservation is more
easily addressed by examining the alignment and residues with no change. Because of the shear
number of residues highlighted, it is hard to extract anything meaningful from visual inspection.
Instead of focusing on what is highlighted, we could examine what is not highlighted. The
residues that are missing from this graph are simply those that were shown previously (Rlaisr <
0.0) and those that we are about to examine (Rlgifr > 0.0). We can perhaps notice the pattern here

already, the residues that are missing are mainly in the transmembrane regions.
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Figure 28. Rhodopsin — RI Difference > 0.0 Highlighted

This category includes residues in all three major regions of rhodopsin. While the Rlgir < 0.0
residues clustered around the side closest to the heme, here the Rlgisr > 0.0 residues seem to be
favoring the helices not associated with the heme. Of course since there are residues in all three
regions and the number in each region is fairly small the significance and existence of clustering
has to be questioned. While the other residues may be questionable, there is a tight clustering of
residues in the transmembrane region. All the residues in the transmembrane region are of the
hydrophobic varieties isoleucine, leucine, and valine residues (represented in green). This is a
similar pattern as that observed in the cytochrome b dataset. While the residue type may initially
appear to be of importance in graphs such as these, one must be careful to consider from where
residues have come. In this case, many of the residues in the transmembrane region are of this
type and so the chance of randomly selecting a number of residues is higher than if the residue
types were all equally represented. This does not negate the fact they are all hydrophobic, but is

rather a reminder that we must always consider the background context.
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Figure 29. Rhodopsin — RI Difference > 0.0 Highlighted (Alternate)

This graph is similar to the previous graphs except two of the extreme position residues have
been removed from consideration for the statistical test. As might be expected, the significance
increased considerably as these two residues were removed. There is additional evidence that
multiple clusters exist besides the clustering shown on the structure. This is reflected in the

relatively longer branch lengths in the UPGMA tree separating the three main clusters.

The underlying justification for this apparently haphazard removal of residues from

consideration is the belief that multiple clusters may exist in addition to erroneously highlighted
residues. Multiple clusters could occur if there are multiple regions of the protein that are under
constraint. Erroneous residues could be picked up either as the result of noise in the data or due

to the crudeness of the method. These issues will be addressed further in the Discussion section.



52

@
ﬁ SE
x 10"
35
.
.
.

o " " T
11198 1.1198  1.1198 14198 1.1198  1.1198 1.1198
7

x 10

170 of 338 residues selected
P1::=196973/5000001=0.0393946
Prigne=4811158/5000001=0.962231

Figure 30. Rhodopsin — Sites with No Change Highlighted

As mentioned earlier, rhodopsin is a fairly conservative protein. Over half of all the residues in
this dataset were invariant. Interestingly, even with such a high percentage of the residues
falling into this category, the random sampling test still indicants a high significance in the
clustering. One would not expect this considering the density of the highlighting on the protein’s
structure. The only other apparent observation that seems possible is that there are several
residues that are not in this category in the transmembrane region, suggesting that the
transmembrane region may be freer to change.

A traditional method for teasing out the functionally critical residues would be to assume that the
invariant residues are under a constraint that prevents them from changing. By disrupting
putatively conserved residues and examining changes in functional behavior of the protein, one
could deduce which residues are critical. As can be seen by this example, such an approach
would be time consuming.
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Figure 31. Rhodopsin — Sites with RI = o Highlighted

When examining the residues in thodopsin with undefined RI values, we see that the residues fall
into all three major regions. There are two helices in the transmembrane region that are free of
any residues in this category, however. In the transmembrane region and extending outside the
membrane on one side, these residues seem to favor the helices nearest the retinal group. Of the
residues whose maximum number of changes possible is greater than one, all but one are in the

membrane region.
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Figure 32. Rhodopsin — Sites with True Tree RI = 0.0 Highlighted

Most residues are in the transmembrane region, but with no apparent clustering or relationship.
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Figure 33. Rhodopsin — Sites with True Tree RI = 1.0 Highlighted

Residues that support the true tree to the greatest extent possible definitely tend to fall outside of
the membrane region, as was the case for cytochrome b. There are four residues that are in the
transmembrane region that have no apparent connection to the clusters on the outside. The
statistical test shows a positioning that is more dispersed than random and results from there

being two fairly equal density and size of clusters on the extreme ends of the protein.
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Figure 34. Rhodopsin — Sites with MPC Tree RI = 0.0 Highlighted

These results are mostly identical to the corresponding results discussed for the true tree.
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Figure 35. Rhodopsin — Sites with MPC Tree RI = 1.0 Highlighted

These results are mostly identical to the corresponding results discussed for the true tree.



Myoglobin Dataset

Figure 36. Myoglobin

Functional and Structural Description

The function of myoglobin is oxygen (O:) storage in the muscle tissues of animals. This is done
in cooperation with hemoglobin, which transports oxygen and will be described in the next
dataset. Myoglobin has a much higher affinity for oxygen than does hemoglobin and thus will
uptake it easily from hemoglobin. The higher affinity, especially at lower concentrations of
oxygen, means the stored oxygen is only released during strenuous activity where hemoglobin

would not be able to deliver fresh oxygen quickly enough.

The structure of myoglobin is a single monomeric protein of roughly 153 amino acids forming

eight helices that surround the oxygen storing heme component. At the core of the heme is an
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iron ion where oxygen binds. This part of the heme also bonds to the distal histidine 93 residue,

which is conserved across species.

Because of the similarities, both functionally and structurally, between hemoglobin and
myoglobin (each of the subunits of hemoglobin resembles myoglobin) much of the information

discussed in the hemoglobin section is also applicable to myoglobin.
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Figure 37. Myoglobin Phylogenetic Tree Comparison

In the tree inferred from myoglobin we see some of the familiar errors evidenced in the other
datasets. Once again, alligator (and lace monitor) are clustered with the turtles instead of with
the birds. There are also several errors in the major mammal clade. These errors include basic
lack of resolution, but also several instances of animals being inserted in this wrong clade. Since
there does not seem to be any pattern to the mistakes, instead of simply listing the errors the

reader is referred to trees themselves.
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Figure 38. Myoglobin — RI Difference < 0.0 Highlighted

No apparent clustering or patterns are observed.



61

0

2.864 2.8641 2.8642  2.8643  2.8644 28645 28646
6

x 10

120 of 153 residues selected
P1e£:=1616837/5000001=0.323367
Prigne=3417535/5000001=0.683507

Figure 39. Myoglobin — RI Difference = 0.0 Highlighted

No apparent clustering or patterns are observed.
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Figure 40. Myoglobin — RI Difference > 0.0 Highlighted

No apparent clustering or patterns are observed.
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Figure 41. Myoglobin — Sites with No Change Highlighted

A significant clustering according to the p-values can be observed, but we can also see that the
invariant residues seem to favor one region of the protein. There does not seem to be a
connection between the cluster and the heme group.
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Figure 42. Myoglobin — Sites with RI = o Highlighted

There is no apparent clustering of the residues with undefined RI values when considering the p-
values or through visual inspection. The p-values decrease if the residues with max > 1 are

removed.
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Figure 43. Myoglobin — Sites with True Tree RI = 0.0 Highlighted

Residues are distributed to a greater extent than would be expected by random. The significance
increases as residues with non-zero RI values are added but decreases when the residues with
RI=1 are considered.



66

site=5 res=g ri=1

site=122 res=123 ri=1
site=123 res=124 ri=1
site=127 res=128 ri=1

site=130 res=131 ri=1
site=110 res=111 ri=1
—[[snezﬂﬂ res=113 ri=1
site=116_res=117 ri=1
site=57 res=53 ri=1
site=62 res=63 ri=1
site=53 res=60 ri=1
site=22 res=23 ri=1
site=25 res=26 ti=1
site=49 res=50 ri=1
site=54 res=55 ri=1
site=01 res=52 ri=1
site=29 res=30 ri=1

site=103 res=104 ri=1
site=101 res=102 ri=1
site=105 res=108 ri=1
site=41 res=42 ri=1

site=74 res=73 ri=1
site=84 res=G5 ri=1
site=B3 res=70 ri=1
site=70 res=71 ri=1

site=87 res=88 ri=1
site=73 res=00 ri=1
site=133 res=134 ri=1
site=134 res=135 ri=1
site=136 res=133 ri=1
—site=147 res=148 ri=1
x10'
4.
4
35
3
25
2
15
1
05
1.187 1.188 1.189 119 1.191 1.192 1.193

x10°
31 of 153 residues selected
P1est=1241650/5000001=0.24833
Pright=3792007/5000001=0.758401

Figure 44. Myoglobin — Sites with True Tree RI = 1.0 Highlighted

No apparent clustering or patterns are observed. However, as mentioned when discussing the

RIre=0.0 category as additional non-zero residues are added the p-values indicate a shift to a
more dispersed arrangement of the residues.
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Figure 45. Myoglobin — Sites with MPC Tree RI = 0.0 Highlighted

No apparent clustering or patterns are observed.
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Figure 46. Myoglobin — Sites with MPC Tree RI = 1.0 Highlighted

No apparent clustering or patterns are observed.
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Hemoglobin Dataset

Figure 47. Hemoglobin o Figure 48. Hemoglobin f

Functional and Structural Description

Hemoglobin is related to myoglobin both functionally and structurally. Like myoglobin,
hemoglobin binds oxygen (O2). Hemoglobin transports oxygen from the oxygen rich
environment of the lungs to tissues, exchanges oxygen for carbon dioxide waste, and returns to

the lungs to once again trade the carbon dioxide for additional oxygen.

The structure of hemoglobin is a tetramer (four polypeptide chains) composed of two identical o
chains and two identical  chains. The o and B chains are very similar with 141 and 146 amino
acid residues, respectively, and both have eight a-helices. Each of the four chains fold to contain
a site for binding oxygen called the heme pocket. The heme pocket is composed of carbon,
nitrogen, and hydrogen surrounding a single iron ion. The iron ion is held in place by
neighboring nitrogen atoms and its bonding to a histidine residue. Normally, histidine 87 is

conserved in the a chain and histidine 92 in the 3 chain.
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The binding properties of hemoglobin are affected by environmental influences such as pH, Ox,
and COz levels. Anyone who has run and felt the burn of lactic acid buildup in their muscles will
not be surprised that tissues are in a more acidic environment than the lungs. This lower pH in
the tissues compared to the lungs helps to trigger the exchange of oxygen and carbon dioxide at
the correct times. The driving force of the exchange is called the Bohr effect, and is expressed

as:
COz + H,0 <> HCO3 + H*

In the COxz rich tissues, carbon dioxide and water are reacting to form bicarbonate (HCO3) and
hydrogen ions (protons). This reaction increases the acidity of the surrounding tissues, which
lowers hemoglobin’s affinity for oxygen. During the release of the stored oxygen the protons
and bicarbonate are captured ensuring higher support for the right hand side of the reaction.
Back at the lungs the process reverses. In the presence of higher oxygen levels, hemoglobin’s
affinity shifts from proton carrying to oxygen. The protons are shed, reversing the above

equation generating carbon dioxide as a gas (CO; is insoluble in the bloodstream).

Hemoglobin’s affinity for oxygen is not linear. Hemoglobin exhibits a behavior known as
cooperativity to bind oxygen. When in an environment of high oxygen levels, partially saturated
hemoglobin has a disproportionally high affinity for oxygen while in a low oxygen environment,
hemoglobin has a disproportionally low affinity for oxygen. The relationship is characterized by
the Hill Equation:

_ (p 0, )n
oy (0

where pO, is the partial pressure of Oz, p, is the pO, of 50% saturation, and » is referred to as
the Hill coefficient and is a measure of the cooperativity of the particular hemoglobin. A normal
range of values for n is [2.8,3.0] and is related to the number of ligands simultaneously binding
oxygen, and thus is limited by the number of subunits, namely four which would represent
maximum cooperativity. This highly sensitive cooperativity of hemoglobin is assumed to be an
evolved specialization of hemoglobin to reduce the volume needed to transport the same quantity

of oxygen.
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Figure 49. Hemoglobin a-Chain Phylogenetic Tree Comparison

Because the same set of organisms was used for both the hemoglobin o and hemoglobin 3
datasets, we are fortunate to be able to have the same true tree between datasets. An interesting
observation that can be made by comparing the inferred trees for both of these datasets to the
true tree is that the hemoglobin o dataset is able to more closely reconstruct the correct topology.
We can place a qualitative measure on this observation by simply counting the number of clades
that are correct (indicated by the highlighted lines) and comparing the values. Doing so we see
that the hemoglobin a dataset has over twice as many correct clades as does the hemoglobin 3
dataset. The problems which are apparent in the hemoglobin a dataset include confusion about

the relationship of the marsupials, snakes, and birds. Also, while the hemoglobin a dataset
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allows reconstruction of several of the minor clades such as cats, birds, etc., the fine detail within

these clades is occasionally incorrect.
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Figure 50. Hemoglobin f-Chain Phylogenetic Tree Comparison

Reconstruction of the evolutionary relationships given the hemoglobin 3 data was not as good as
for hemoglobin a. Several polytomies exist, few of the minor clades are completely correct, and
many are simply not present. This suggests that there are additional violations of the
assumptions required by the phylogenetic inference procedure. This further suggests that

constraints may exist in hemoglobin [ that are not present in hemoglobin a.
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Figure 51. Hemoglobin a- B-Chain MPC Phylogenetic Tree Comparison

In the previous sections we have compared the true and MPC topologies. In the case of the
hemoglobin o and hemoglobin  datasets, a further comparison is possible due to their close
relationship and the same organisms having been used in both datasets. The MPC trees can be
directly compared with each other just as the true and MPC trees were compared before. We can
see that there are larger polytomies in the hemoglobin B and there is not a single major clade that

is in complete agreement between the two trees.
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a-chain Results
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Figure 52. Hemoglobin a — RI Difference < 0.0 Highlighted

No apparent clustering or patterns are observed.
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Figure 53. Hemoglobin a. — RI Difference = 0.0 Highlighted

No apparent clustering or patterns are observed.
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Figure 54. Hemoglobin o — RI Difference > 0.0 Highlighted

No apparent clustering or patterns are observed.
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Figure 55. Hemoglobin o — Sites with No Change Highlighted

The invariant residues exhibit significantly tight clustering in an area close to the heme group.
This is not surprising considering the chemical constraints required to hold the heme. However,
this would not explain all the invariant residues. This is the same observation as with the
hemoglobin  dataset.
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Figure 56. Hemoglobin a — Sites with RI = co Highlighted

While according to the p-values there is no significant clustering apparent with the residues
which undefined RI values, if one inspects the residues visually there does appear to be a

clustering toward the side of the protein with the heme group.
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Figure 57. Hemoglobin a — Sites with True Tree RI = (.0 Highlighted

Again, according to the p-values there is no significant clustering, but if inspected visually there
does seem to be a clustering of the residues toward the side of the protein associated with the

heme group.
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Figure 58. Hemoglobin a — Sites with True Tree RI = 1.0 Highlighted

Again, according to the p-values there is no significant clustering, but if inspected visually there

does seem to be a clustering of the residues toward the side of the protein associated with the

heme group.
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Figure 59 Hemoglobin a — Sites with MPC Tree RI = 0.0 Highlighted

Again, according to the p-values there is no significant clustering, but if inspected visually there
does seem to be a clustering of the residues toward the side of the protein associated with the
heme group.
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Figure 60. Hemoglobin a — Sites with MPC Tree RI = 1.0 Highlighted

No apparent clustering or patterns are observed.
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B-chain Results
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Figure 61. Hemoglobin  — RI Difference < 0.0 Highlighted

No apparent clustering or patterns are observed.
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Figure 62. Hemoglobin § — RI Difference = 0.0 Highlighted

No apparent clustering or patterns are observed.
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Figure 63. Hemoglobin  — RI Difference > 0.0 Highlighted

No apparent clustering or patterns are observed.
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Figure 64. Hemoglobin §§ — Sites with No Change Highlighted

The invariant residues exhibit significantly tight clustering in an area close to the heme group.

This is not surprising considering the chemical constraints necessary to hold the heme.

However, this would not explain all the invariant residues. This is the same observation as with

the hemoglobin o dataset.



87

site=23 res=24 ri=-1

site=63 res=64 ri=-1
site=27 reg=28 ri=-1
site=29 res=30 ri=-1
site=31 res=32 ri=-1

23

site=33 res=34 ri=-1
site=34 reg=35 ri=-1
site=105 res=106 ri=-1
site=45 res=46 ri=-1
—qswteﬂl? res=48 ri=-1
site=48 reg=49 ri=-1

site=33 res=100 ri=-1
site=95 res=96 ri=-1
site=96 res=97 ri=-1
site=146 res=146 ri=-1

L

site=137 res=137 ri=-1
—65\19:141 res=141 ri=-1
site=81 reg=82 ri=-1
site=122 res=122 ri=-1
site=16 res=17 ri=-1
site=1532 res=132 ri=-1
site=131 res=131 ti=-1
site=8 res=7 ri=-1

of 146 residues selected

5.38

P1e£:=1839026/5000001=0.367805
Prignt=3199452/5000001=0.63989

Figure 65. Hemoglobin B — Sites with RI = co Highlighted

No apparent clustering or patterns are observed.
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Figure 66. Hemoglobin B — Sites with True Tree RI = 0.0 Highlighted

Residues of the RIiue=0.0 category are more dispersed than one would expect by random.
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Figure 67. Hemoglobin 3 — Sites with True Tree RI >= 0.9 Highlighted

Because there were only three residues in the Rlwe=1.0 category, additional residues were added
to make the test more meaningful. All residues with a Rle value of 0.9 or larger were

considered, and in this case there appears to be clustering present around the heme group.
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Figure 68. Hemoglobin § — Sites with MPC Tree RI = 0.0 Highlighted

No apparent clustering or patterns are observed. The highlighted residues are lightly dispersed,

but not to a significant level according to the p-values.
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Figure 69. Hemoglobin B — Sites with MPC Tree RI = 1.0 Highlighted

No apparent clustering or patterns are observed.
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Preliminary Joint a- and B-chains Results

Figure 70. Hemoglobin a- and B-chains in Context with Invariant Residues Highlighted

We will consider the joint hemoglobin a- and B-chains data only briefly, mainly because a
thorough analysis could not be performed or presented graphically in print form in a very clear
fashion. Hemoglobin, as described in the functional and structural description section, is a
complex of four chains — two a chains and two -chains. Because these chains have been
analyzed independently, considerable information may have been lost that would have been

present if the native context of hemoglobin was maintained.

In the above figure we see hemoglobin as it is natively with all four chains present and the hemes
displayed. The hemoglobin a chains are displayed in a thistle color while the hemoglobin [3-
chains are displayed in a light cyan. The residues that are highlighted are invariant residues
which are the ones that seemed to exhibit the most obvious clustering when the chains were

considered independently.
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While clustering patterns were sometimes hard enough to detect when considering the chains
independently, things become even more complicated when all the chains are shown. We know
from previous examinations of the invariant residues that they clustered around the hemes. This
is the same clustering that is present here. However, there does appear to be some favoring of
the residues to be positioned near the borders of the a- and B-chain interactions. However, the
hemes are in the same location so it is difficult to say if the clustering is a result of some
constraint placed on both chains because of their proximity or because of constraints placed on
the chain to hold the heme in place. One could argue that this clustering is indeed at the borders
and the result of a constraint needed to hold the chains together. This could be supported by the
lack of apparent clustering or the relationship of the invariant residues in myoglobin to the heme.

Since myoglobin and the chains of hemoglobin are so similar, they may share similar constraints.

While only a single measure was considered here, namely if the residues were invariant, the
various RI measures used in the previous sections could also be applied. This section was only
provided to give the reader a glimpse of a possible future direction. Further research needs to be
done to consider multimeric proteins such as hemoglobin. Statistical methods need to be
developed to place a quantitative measure on the existence and significance of potential clusters

or patterns resulting from interactions between chains.
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Chapter 4. Discussion

Review of Goals

This project was undertaken to examine residues with misleading phylogenetic signals in the
context of their protein structures and to develop a new method for predicting residues that may
be of functional importance. These two goals become one as a result of a unique integration of
sequence alignment, evolutionary history, and protein structure. The initial motivation of this
project grew out of an interest in the spatial relationships of phylogenetically misleading residues
and an interest in improving phylogenetic estimations through the incorporation of protein
structural information. In fact, the use of this method for identification of functionally important
residues only became apparent after careful examination of what might be causing a misleading

phylogenetic signal.

As discussed in the introduction, phylogenetic inference procedures make certain assumptions
about the data they are applied to. A summary of these assumptions is that sequence data must
behave as a string of characters changing randomly at a stochastically constant pace without
reversion. These assumptions are a consequence of our poor understanding of the process by
which genes evolve at the level of individual residues. However, it is clear that there are
restrictions on how a gene can change. There is variation in the rate of change at different sites
in the gene, and reversions to preexisting states certainly must occur due to the limited alphabet.
To complicate matters, deviations from the assumptions are present to varied degrees in different

organisms.

The specific sites that cause failures of phylogenetic inference procedures can be identified if a
true topology is known. The true topology can be compared to the generated topology and
differences identified. In this project these differences were measured using the retention index
(RI), which is a measure of how well a particular site exhibits hierarchical fit to a given topology
under parsimony. If a site is under a constraint that prevents it from behaving according to the
assumption, the site is unlikely to be very supportive of the tree and hence have a low RI value.
If however, the site is without constraints and is free to evolve randomly then it is more likely to
represent the evolution suggested by the topology. In this case, the RI for the site is a higher
value. Examination of the sites that have the lowest RI values in context of the correct topology

give some indication of residues that may be under constraints. However, the more extreme sites
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may be identified by contrasting these values with corresponding values from the topology
suggested by the entire alignment. This can be performed by simply subtracting corresponding

RI values defining the Rlaiff measurement.

Having identified residues that are under an evolutionary constraint and thus of possible
functional significance is a worthy first step. However, it is possible to improve one’s
confidence that these particular residues are functionally significant by incorporating information
about protein structures and the spatial relationships among misleading residues. One possible
scenario causing residues to be misleading is if they work cooperatively. A suspicion of
cooperation would be more credible knowing that the residues were physical neighbors. If
however, they were distant, while still possibly cooperating, they must do so through a more

complicated mechanism.

This project started as an attempt to improve phylogenetic inference procedures by incorporation
of protein structure. Initially, the bioinformatics tool RI Compare was developed to explore
possible relationships of residue fit to a given topology in context of protein structure. The tool
is primarily a “hypothesis generator” since it helps a researcher develop ideas to test by
providing a different means for exploration. Using RI Compare, it was noticed early in the
project that in cytochrome b the most misleading sites seemed to form a tight cluster in one
region of the protein. This led us to wonder if the clustering of misleading residues is a general
property or particular to only this single example. If such clustering exists in all or most
proteins, then perhaps it would be possible to extract this core of misleading sites before

applying an inference procedure and generate improved trees.

While the clustering property of misleading residues that was initially observed in cytochrome b
was later found to not be generalizable to all proteins, the identified residues by the Rlaitr
measure and the RI Compare tool may be able to be used to identify residues of functional
importance and provide candidates for mutagenesis studies. While the results of this project do
not provide universal results that can be applied in all contexts, interesting properties were
observed. What follows is a review and interpretation of the results and suggestions for future

work.

Review of Results
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Having reviewed the goals of this project along with their implications and utility we now review
the results of this project. While a complete presentation of the results is given in the Results

section, some, of the more interesting observations are emphasized here.

The initial dataset that was subjected to the Rlqitr measure and the RI Compare tool was the
cytochrome b dataset. This dataset exhibits strong spatial clustering of the residues with Rlgisr
values < 0.0 in the transmembrane region. While there are a few additional residues in this
category that prevent the p-value from being significant when subjected to a random sampling
test, the clustering can not be ignored. The clustering of residues with Rlaifr values < 0.0 is also a
property shared by the rhodopsin dataset. While few residues again prevent the p-value from
appearing significant, the clustering is fairly distinct. Both cytochrome b and rhodopsin are
seven helix g-coupled transmembrane proteins, and perhaps this is significant. A difference
between the two is that the cluster is positioned on the helices nearest the retinal ligand in
rhodopsin while in cytochrome b (at least that with residues Rlgitr values < 0.083) the cluster is
on helices other than those near the heme ligand. While a cluster for Rlaifr values < 0.0 does
appear in both transmembrane proteins, the clusters do not always occur around what would
initially be considered the active area of the protein. Contrasting these results with the members
of the other main group of proteins examined, we see no significant clustering either by p-value

or by visual inspection in the globin datasets.

The similarities unique to cytochrome b and rhodopsin also include the observation that residues
with undefined RI values cluster on either side of the membrane in both proteins. Also, while
the transmembrane region is fairly void of residues with undefined RI values, those that do exist
are mainly along the helices that surround the ligand of the protein. Again, the clustering of
residues with undefined RI values is a property that is shared only by the transmembrane

proteins. The globular proteins were not observed to have this characteristic.

A strong banding of the residues of the Rlgist>0 category was present in the rhodopsin dataset.
The bands crossed each of the three areas parallel to the membrane walls. The residues of this
category in hemoglobin o also exhibited a favoring toward one side of the protein and around the
heme. Clustering of the Rlgis>0 residues in myoglobin and hemoglobin  may exist, but it was
weak. No apparent clustering of residues in the Rlqis=>0 category was obvious in the cytochrome
b dataset.

Interestingly, a property that was shared by all the protein datasets was that invariant residues

(corresponding residues that do not change regardless of species) clustered. Generally, these
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clusterings were very strong when considering their p-values. Interesting patterns were also

noticed when considering each dataset individually.

Clustering of the invariant residues in cytochrome b, while visible in all three regions (both sides
of the membrane as well as the transmembrane region), greatly favored those on one side of the
membrane. The other side of the membrane did not have as many residues in this class by
number, but perhaps by percentage. One side is composed mainly of helices packing a greater
number of residues into a given area compared with the strands that are the main constituent of
the other side. The transmembrane region only had a few invariant residues and those were

mainly around one of the two heme ligands.

The rhodopsin dataset has a similar clustering pattern of invariant sites to cytochrome b. All
three regions contain invariant residues with an apparent favoring of residues on the outside of
the membrane. Again, as was in the cytochrome b dataset, the invariant residues that occur in

the membrane are generally around the area that holds the ligand.

All of the globular proteins, myoglobin, hemoglobin a and hemoglobin 3, also had significant
clustering of invariant residues with respect to the p-values. While nothing appeared to be
special about the particular clustering that existed in myoglobin, both hemoglobin a and
hemoglobin P had tight clusters on the side of the protein around the heme. While this may seem
obvious given the functional importance of the heme group, the fact that myoglobin is so similar
but does not exhibit the same pattern is surprising. This supports the belief that the invariant
residues in hemoglobin are as important in holding the chains together as they are in holding the

heme in position.

Another property that was shared between all the datasets was the fact that the residues where
Rliue=0 were very similar to those in the RImpc=0 category. The same was true when comparing
those in the Rlwe=1 and RImpc=1 categories. At most, only a handful of residues were different
between these extreme RI categories in the true tree and the MPC tree. Even more interesting is
how the residues that differ between the two categories are related spatially with several
examples of pairing, suggesting cooperation between the residues in either a supportive or

misguiding way.

When examining the Rlie=1 and RImpc=1 categories in the hemoglobin 3, myoglobin, and
rhodopsin datasets, each had a neighboring pair, and rhodopsin had two alternating pairs, of

residues making up the differences. Also, myoglobin and rhodopsin each had a co-occurring
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alternating pair of residues differing between these categories. (For a graphical explanation of

these terms see the Alternations and Co-occurrence Types table below.)

Comparison of the Rluue=0 and RImpc=0 categories in hemoglobin o showed that four residues
differed by co-occurring but were not paired spatially and appeared only in the Rlwe category.
Hemoglobin a Rliwe=1 and RImpc=1 comparison was similar with two residues but occurred only

in the RImpc category.

Other differences existed between the Rluwue=0 and RImpc=0 and the Rluue=1 and RImpc=1
categories. Other than the differences already mentioned, occasionally there would be a
difference in one or two residues, but this was not pointed out here because they did not appear
to be spatially paired or near a ligand.

Unique to hemoglobin  was a more dispersed pattern than expected by random of residues with
Rlre=0 and a significant clustering of residues where Rlwue>0.9. Note this deviation in the
cutoff value (Rlive =1 was used in the other datasets) was needed because hemoglobin § had

such a small number of residues with Rliue =1.
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Rlga<0 Rlgin=0 Rlgir>0 No Change  RI=w RlIre=0 Rlgne=1 RIppc=0 Rlypc=1
Cytochromeb X X X
Rhodopsin X X X X
Myoglobin ? X
Hemoglobin o X
Hemoglobin X X X

Table 1. Summary of Significant Clusters

- £

Co-occurring Pair Co-occurring but not Paired

il

Alternating Pair Alternating but not Paired

<>

%
%

Table 2. Alternations and Co-occurrence Types



100

Interpretation of Results

The results do not suggest with overwhelming support that the Rlgisr measure is informative for
all datasets. It does seem possible, however, that the Rlgifr measure may be of use for identifying
residues of potential significance in transmembrane proteins. While clustering of residues where
Rlaifr<0 as well as residues that had undefined RI values existed in both cytochrome b and

rhodopsin, no such clustering was present in the globin proteins.

The cytochrome b and rhodopsin datasets have similar clustering patterns, but this may be a
consequence of being able to partition the protein in such a way as to elucidate the pattern.
Transmembrane proteins have three obvious regions — the two regions on either side of the
membrane and the region that spans the membrane. When considering the globin proteins the
partitioning that is logical for the transmembrane proteins is not applicable, and it is not clear if a
logical partitioning even exists. Perhaps if such a partitioning did exist and was applied to the
results, then what currently appear as randomly dispersed residues would suddenly appear much

more clustered.

Comparison of the Rliwe and RIvpc categories in hemoglobin o showed residues at the extremes
of the retention index favoring the phylogenetic inference procedure constructing the correct
tree. The categories of residues not supportive of the trees, namely Rliu.=0 and RImpc=0
differed by extra residues in the RIwe=0 category. The residues supportive of the trees, namely
the Rlywe=1 and RIvpc=1 categories differed by including extra residues in the RIvpc category.
This creates extra support for the failing tree and reduces hemoglobin a’s ability as a carrier for a

correct phylogenetic signal.

Effects of Individual Species and Entire Clades - Jackknifing

Since these experiments are based on sequence data from various species, it is important to
consider the effects choice of species might have on the results. While an attempt was made to
minimize this across datasets by selecting sequences from the same species for each dataset

when possible, the desire to have a more complete dataset would occasionally force the inclusion
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of unique species. Both the hemoglobin o and hemoglobin 3 datasets have sequences from
precisely the same species, but the other datasets vary slightly with respect to each other. The
datasets were also built by selecting those species where a fairly uncontroversial view of the
evolutionary relationship exists. Ignoring the assumed small differences between selections of
species between datasets, there is still another effect that choice of species can adversely affect
results if different species differ in the degree to which they deviate from the assumptions of the

inference model.

Such deviations might be associated within particular clades or species. This could happen if
there has been a shift in how the protein functions requiring several residues to change in sync
with each other, or perhaps the characteristics that make a particular species or clade distinct
force a particular change in constraints for the entire group. One could imagine, for example,
that birds might have genes that are under different constraints than terrestrial organisms.
Whatever the reason for such a shift in mechanism or constraint, it could occur at any point in
the tree including at an ancestral node separating the entire clade from the rest of the tree. When
carried to an extreme, each clade or taxon could have its own peculiarities, rapidly complicating

the interpretation of the results.

The degree to which particular taxa or clades are problematic can be tested using a Jackknife
procedure in which each taxon or clade is systematically removed from the tree with
replacement. In other words, each group depicted in the true topology is removed including
those consisting of a single taxon, but the removed group is returned before removing the next
node. The pruned dataset is passed to an inference procedure and the inferred tree compared
against the true tree. If one finds the inferred topology matching the true topology after having
removed a clade then it can be assumed that this clade is a main contributor to the original

dataset yielding misleading results.

The Jackknife test was performed on the cytochrome b dataset with an additional measure added.
By computing the Rlaitr values and displaying the residues with Rlgitr < 0.0 on the protein
structure, one could quickly see if the clusters seen when considering the entire dataset were
stable. As clades were removed and added back, we would see the highlighted residues change —
sometimes clustering and other times appearing random. Even if there was no apparent
clustering, even with significantly large clades removed, several of the same residues remained
highlighted. This suggests that the cause of the misleading signal is something that is common

regardless of the species and is likely significant to the function of the protein.
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Soundness and Completeness of Results

Sampling of Residue Positions — Ca versus Residue C.O.M., efc.

The statistical test that is performed by RI Compare is a simple but powerful one since it does
not depend on knowing the distribution a priori but instead constructs a null distribution through
re-sampling. The estimate is sensitive to the set of data is being sampled. In particular RI
Compare uses the positions of C, atoms of the protein for the random sampling. However, each
residue of the protein has a complex shape composed of several atoms only one of which is the
C.. It is possible that the statistical test would yield different results if a different combination of
residue atoms were used such as the Cp atoms or the center of mass of the entire residue. Using
either of these alternate positions has the advantage that it begins to take into account the
orientation of the residue. Pairs of residues that appear to be equidistant from each other when
considering the C, atoms may be found to be of different distances when measurements are
between the centers of masses. This could occur because of the size differences in residues or
simply because residues are protruding away from the backbone toward or away from each

other.

An experiment was performed to test whether the statistical results differed if the center of mass
positions were used instead of the C,, positions. Comparison of these two datasets showed only

slight differences which were judged insignificant.

While the sampling results do not appear to be affected by the choice of using the center of mass
positions versus the C, positions, there are other reasons to not use the center of mass positions.
The source of protein structure used by RI Compare is the standard PDB file. The format of this
file allows for detailing the positions of each atom of each residue of the protein and even
multiple models and alternate positions for atoms and residues. While this flexibility exists, the
available data is limited by the original submission. Often PDB files do not contain all the atoms
of a residue or, because of authoring error, additional atoms are present. Absent atoms often
include key atoms that define the shape of the residue, and very rarely, if ever, are the hydrogen
atoms present. This imperfect data contributes to corruption of the center of mass values. Also

there is the question of accuracy of position of the atoms other than the Co atoms. The atoms are
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normally positioned by computer software that solves equations that optimize the placement of
residues and their atoms. Also, it should not be forgotten that even though a protein in a PDB
file appears to be a static entity, proteins are flexible in biological systems and conformational
changes are often required for a protein to perform its function. Such “flexing” could cause

dramatic changes to orientation of and proximity of residues.

All the above factors influence the accuracy and reliability of all but the Co atoms. Alternative
ways to measure the distances between the residues could be devised, such as measuring the
distances between all pairs of atoms in each pair of residues, but the same issues are raised. The
structures contained in the PDB files are of relatively high resolution when viewed with tools
such as RasMol, but the apparent clarity is deceptive. The positions are often crude and at best
represent only the most likely position in a dynamic system. Developing more sophisticated
means for measurement will not help, so we elected to restrict the analysis exclusively to Cy

positions.
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Chapter 5. Conclusions

Summary

The identification of residues that hold misleading phylogenetic signals and those that are of
functional significance are intertwined. Advances in the one area can support the other mainly
because misleading phylogenetic signals come from residues that are not evolving as a random
process. The lack of a random process implies the existence of a constraint suggesting a possible
functional importance. While the lack of clusters in all proteins when considering the RI
Difference measure was somewhat discouraging, the presence of clusters in all transmembrane
proteins when considering the RI Difference measure is interesting. Perhaps, the RI Difference
measure is able to detect certain properties that are only present in transmembrane proteins. If
this is true, then the availability of a tool for these proteins is an advancement. Further,
determination of the essence that causes the RI Difference measure to find clusters of residues in
the transmembrane proteins but not the globular proteins may lead to new advancements and
understanding of the functional and evolutionary constraints of these two major classes of

proteins.

While the RI Difference measure did not always appear to form distinguishable patterns as
expected, if one assumes that a great deal of evolutionary constraint exists in the form of co-
variation, there were interesting observations concerning invariant residues. Residues that
remain constant across all species seemed to form fairly tight and obvious clusters in all the
proteins that were considered. Ironically, this project started as an attempt to improve upon the
methods to reconstruct phylogenetic trees which is an area that has very little interest in invariant
residues because those residues contain no information about the evolutionary process.
Interestingly, the residues that would normally be of little interest were the ones that exhibited

such interesting properties in all the datasets.

What makes RI Compare an interesting tool is its unique integration of heterogeneous
information. These data include protein structure and sequence along with evolutionary
information including phylogenetic trees and a model of evolution. By contrasting different
sources of evolutionary information (morphological tree versus inferred tree) we have developed
a tool to identify residues responsible for misleading phylogenetic signals. It is this combination

of heterogeneous data that has allowed us to gain insights into the evolutionary and functional
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constraints of proteins that would not have been apparent if considering only a single source of
data. Each data source provides a subtle hint but has limits to its explanatory power. If the
sequences or the structure were considered independently by examining the biophysical
properties of the residues present, we would have been unable to detect any constraints that are
not present at that level. If only the alignment would have been considered then any unique
spatial patterns would have been lost in the unnatural linear view of a protein that alignments
create. If the evolutionary tree would have been ignored, then so would residues that have
evolutionary constraints or alternate rates or perhaps one might have been misled into believing a
pattern to be more significant than it actually is. The phylogenetic tree provides an alternative
explanation for certain patterns. Only by combining all these sources of information were we

able to extract the subtle patterns that have been discussed here.

Evolutionary forces along with functional constraints place complex restrictions on how a
protein can change over time. If no such constraints existed the protein would be free to change
randomly and uniformly. However, this would do nothing to preserve the essential function of
the protein. While only a small portion of the known constraints (which is likely a very small
portion of the total actual constraints) have been incorporated into the method reported on here
resulting in a fairly crude measure, there appears to be some usefulness to the tool. The method
has a strong dependence on the sources of data used especially the phylogenetic trees. These
trees, both the morphological and assumed correct tree and the inferred parsimonious tree, are
the results of the considerable effort by the researchers, but are still only approximation of the
natural tree if the actual representation can actually even be represented as a tree. Ignoring the
question of relationships present in the tree there is also the problem of branch lengths, or the

time between speciation events, being essentially unknown.

While the method is crude, some interesting patterns have been observed. We believe that this
bodes well for the future as further research is done addressing relationships between functional
properties and how proteins evolve. It has been shown here how the integration of a few of the
available heterogeneous sources of data can be powerful and as further sources become available
so will the richness of the questions that can be answered. It is hoped that other researchers will
be interested in extending this work either by integrating alternate data sources or methods,
addition of pattern recognition methods to aid the user in find potentially interesting patterns, or

by providing a more rigorous statistical framework for assessing the results.
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Recommendations

Continued exploration of new datasets is needed before the RI Difference measure can be
recommended for general use. As seen in the comparison of the transmembrane proteins and
globular proteins there are apparently proteins for which the measure is applicable and others for
which it is not. This does not appear to be a measure than can be applied in a general way to all

proteins and identify residues which are under functional constraints.

The construction of new datasets is made quite easy in most cases by using the SP Parse
construction tool developed during this work. While this tool is primary directed at constructing
datasets from the SWISS-PROT and TrEMBL databases one could extend its functionality to

include alternate data sources such as GenBank or propriety databases.

While the apparent lack of generality of the use of the RI Difference measure in functional
constraint detection was apparent, there were interesting observations made concerning invariant
residues. While it is not new that researchers pay close attention to invariant residues as possible
functional active sites, by placing these residues in context with the protein structure additional
information and confidence can be gained. An extension of the available categories may help
researchers to explore other properties of proteins. For instance, it may be beneficial to examine
clustering of polar residues, or perhaps cyclic residues, or any partitioning of the amino acids. A
specific partitioning may be of particular significance for a particular protein or class of protein,
but may not be applicable to all proteins.

Using the difference in retention index between two trees certainly identifies residues that are
responsible for causing failures in phylogenetic inference procedures such as parsimony. At the
moment appropriate trees of high quality as well as high quality sequence data are needed for
this procedure to be effective. Little attention has been given to these issues in this work, but
their importance should be clear considering the results are based on the supplied trees and
sequence data. It may be possible to perform some prediction of the functionally significant
residues without trees, some of which has been seen by examining invariant sites, but at least for
the moment, trees are needed for the RI Difference measure. There is a chance that the sites that
the RI Difference measure finds do have some functional significance since this analysis finds
sites that are evolving at a non-random rate or are co-evolving. In the case of the proteins where
these residues form clusters when plotted on the structure we have greater confidence, but even

in the case of proteins that lack these clusters there may be some mechanism driving the
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evolution of these residues. At the moment this tool should be used as an exploratory tool only,

and care should be taken not to use it to “strengthen flawed reasoning.”

Future Research

One area that could greatly benefit from future research is multimeric proteins. For the majority
of this work proteins have been considered as individual chains without much consideration of
the native context of the chain. Functional proteins are often composed of several chains or form
large complexes through combinations of several individual proteins. For these complexes to be
held in place, for signals to cascade across the chains, and for the preservation of function, the
evolutionary constraints placed on the protein are likely much more complex than what would be
present on a protein composed of a single chain. Methods need to be developed to help
researchers assess the presence of patterns across chains in protein complexes. While RI
Compare allows the user to view certain results from different chains together, the statistical

measure is unaware of residues from neighboring chains.

This project focused mainly on examining the presence of clusters that form in proteins when
considering residues which have varying support for two hypothetical views of the evolutionary
relationships of the proteins. The two alternate views that were used included a tree which was
assumed to be correct built from information gathered from fossils while the second tree was
built using sequence data supplied to a phylogenetic inference procedure called parsimony.
While parsimony is a common method for phylogenetic inference, it is certainly not the only
one. Others include distance and maximum likelihood methods. Since these methods were all
created to address the inaccuracies in other datasets, it is possible that one of these methods may
be better suited to a particular dataset. Because of this, one could use these methods to generate
alternate trees to be contrasted against the true tree, or another tree for that matter, in RI
Compare. To limit the number of combinations that needed to be considered, no alternate
inference methods were considered in this work, but this is an area that could use additional

research.

The retention index is not the only method that is know which can be used to assess the support
that a particular site has for a given phylogenetic topology. It was used in this work primarily
because of its simplicity to understand and implement, but also its close relationship to
parsimony which was the inference procedure used to generate the trees other than the true tree.

The retention index is not perfect, having situations where it is undefined, and arguably is a
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rather crude measure. A method such as maximum likelihood scoring would be more sensitive
and also allow one to experiment with alternate models of evolution. The framework of RI
Compare is extensible beyond what its name suggests, so alternate measures could easily be
added. Actually, since RI Compare has the ability to interface with Paup, any of the measures
present in Paup are also available to RI Compare. One item that prevented the maximum
likelihood measure from being incorporated into this work is the fact that the values are not
normalized like the RI scores are. This lack of normalization creates difficulties in comparison

of the values across datasets and between sites of a single dataset.

Comparing the retention index at corresponding sites between trees certainly identifies residues
that are responsible for causing failures in phylogenetic inference procedures such as parsimony.
By removing these residues, one can remove the partition of the data that is suggestive of either
of the topologies. In the case of comparing the true tree to one generated by parsimony, if the
residues that were supportive of the parsimony tree and not supportive of the true tree were
removed from the data and a new tree inferred using parsimony, the parsimony algorithm would
find the true tree with perfect support. While this is somewhat circular as we are removing
misleading data identified using the true tree to generate the true tree, it does suggest the power
that the identification of these residues would give the inference procedure. What has yet to be
seen is if there is a way to predict the failing sites without knowledge of the correct topology
ahead of time. If this is possible and once these residues are identified, it should be possible to
improve the inference software in addition to investigating these residues for possible functional
significance. This is not an easy problem since the area of phylogenetic inference has existed for
some time and no one has managed to identify misleading residues ahead of time despite the
rewards. However, if the patterns observed in this paper are present in all transmembrane
proteins, namely a tight clustering of misleading residues, perhaps there is some way to extract

this misleading core.
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HYT
HYT
HYT
HYT
HYT
HYT
HYT
HYT
HYT
HYS
HYS
HYT
HYT
HYT
HYT
HYT
HYT
HFS
HYS
HYT
HYT
HYT
HYT
HYT
HYT
HYT
HYT
HYT
HYV
HYT
HYT
HYT
HYT
HYT
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S Urchin

ADVNLAFYSVNHI
ADIETAFNSVNHI
ANTELAFSSV HI
PDT TAFSSVTHI
PDTTTAFSSVTHI
PDTLTAFSSVTHI
PDTTTAFSSVTHI
SDTTTAFSSVTHI
SDTTTAFSSVTHI
PDT TAFSSVAHI
PDTTTAFSSVTHI
SDTTTAFSSVTHI
SDTTTAFSSVTHI
SDTTTAFSSVTHI
SDTTTAFSSVTHI
SDT 'TAFSSVTHI
SDTATAFSSVTHI
SDT 'TAFSSVTHI
SDT TAFSSVTHI RDVNY
SDT TAFSSVTHI RDVNY
PDASTAFSSVAHITRDVNY
PDASTAFSSIAHITRDVNY
PDTSSAFSSIAHITRDVNY
SDTSTAFSSVAHI RDVNY
SDTLTAFSSVAHI RDVNY
SDTLTAFSSVAHI RDVNY
ADTSLAFSSVAHT Q
ADTTLAFSSVAHT RNVO
ADTSLAFASVAH = RDVOF
SSDTLAFSSVSYTSREVWFE
PDISLAFSSVAHITRDVOY
PNITTAFSSVAHITRDVOY
SDISTAFSSVTHI RDVNY
SDISTAFSSVTHI RDVNY
SDISTAFSSV HI RDVSY
SDISTAFSSV HI RDVSY
ADIS AFSSVVHI RDVNY
ADIS AFSSVIHISRDVNY
ADISTAFSSVVHI RDVNY
PDIASAFSSVVHI RDVNY
SDINSAFSSVAHI RDVNY
ADTS AFSSVAHI FDVNY
ADTSTAFSSIAHIARDVNY
ADVNLAFSSVAHI RDVNY
ADISLAFSSASH  RDVNY
ADITLAFSSV HILRDVNY

* kK . .-k

RDVNY
RDVINN
RDVINN
RDVNY
RDVNY
RDVINY
RDVNY
RDVNY
RDVNY
RDVINY
RDVINY
RDVNY
RDVNY
RDVNY
RDVINY
RDVNY
RDVNY
RDVINY

*
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WLLRTLHANCASFFFI IYLHICR
WFLRI HANGCASFFFA LFIHVCR
WL RNLHANGAS FFI IYAHIGR
WVIRYLHANGAS FFI LYAH CR
WIIRYLHANGAS FFI LYAH CR
WVIRY HANGCASIFFI LEFTHVCR
WIIRY HANGAS FFI LF HVCR
WIIRY HANGCAS FFI LY HVCR
WVIRYLHANGAS FFI LFIHVCR
WIIRYLHANGAS FFI LFIHVGR
W IRYLHANGAS FFI LFIHVGR
WIIRYLHANGAS FFI LFIHVCR
WIIRYLHANGCAS FFI LFIHVCR
WIIRYLHANGAS FFI LY HVCR
WIIRYLHANGAS FFI LY HVGR
WIIRYLHANGAS FFI LY HVCR
WIIRY HANGAS FFI LFLHVCR
WLIRYLOANGAS FFI LFLHVGR
WLIRY HANGAS FFI LFLHVCR
WLIRY HANGCAS FFI LFLHVCR
WIIRYLHANGCAS FFI LFLHICR
WIIRYLHANGAS FFI LFLHICR
WTIRYLHANGAS LFI LFLHVGR
WLIRY HANGASLFF IFLHICR
WLIRNIHANGAS FF ' LFLHVCR
WLIRNLHANGAS FF  LFLHVCR
WLIRNLHANGASFFFI IFLHICR
WEIRNLHANGASFFFI IYLHICR
WLIRNLHANCASFFFI IYLHICR
WLIRNLHTNGASLFF FIFLHICR
WLIRN HANGASLFF  IYLHIGR
WLLRGLHANGASIFFI LYFHIGR
WLIRNIHANCASFFFI IY HIAR
WLIRNVHANCASFFFI IY HIAR
WLIRNIHANGCASFFFI IY HIAR
WLIRNIHANGCASFFFI IY HIAR
WLIRNIHANGASLFFI IYLHIAR
WL RNIHAYCASFFFI IYLHIAR
WLIRNIHANGASLFFI VYLHIAR
WLIRNIHANGASLFFI IYIH AR
WLIRNFHANCASLFFI IYLHIAR
LLIRNLHANCLSFFFI IYLHI
WLLRNIHANGAS FFI IYIHI
WLLRNLHANGASFE FI

WLLRKVHAKCASLFFI
WEFLRYVHAKCVSLFFI

.ok K ke ek

R
R
LY HIGR
Y H CR
Y H CR
HER

IYy

SYLFTPTWLV

VYYESYLYH TWNT

IYY
LYY
LYY
LYY
LYY
LYY
LYY
IYY
LYY
LYY
LYY
LYY
LYY

YY
LYY
LYY
LYY

YY
LYY
LYY
LYY
LYY
IYYy
IYYy
LYY
LYY
FYY

SYLYKETWNV
SHAFRETWNI
SYAFRETWNI
SHTFLETWNI
SYTFLETWNI
SYTFLETWNI
SY FLETWNI
SYTFLETWNI
SYTFLETWNI
SYTFLETWNI
SYTFLETWNI
SYTFTETWNI
SYTFTETWNI
SYTFSETWNI
SYVF ETWNI
SYTFLETWNI
SYTF ETWNI
SY FIETWNI
SFLYLETWNI
SFLYSETWNI
SYLLLKTWNI
SYTOTETWNI
SYLYKETWNI
SYLYKETWNI
SYLYKETWNT
SYLYKETWNT
SYLNKETWNI

LYYTSYLHESTWNI

LYY
IYY
LYY
LYY
LYY
LYY
LYY
LYY
LYY
FYY
LYY
LYY
IYY
LYY
LYY
LYY

* kK

SYLYKETWNT
SFLNKKTWYT
SYLYKETWNI
SYLYKETWNI
SYLYKETWNI
SYLYKETWNI
SYLNKETWDI
SYLNKEAWNI
SYLFKEAWNI
SYLNKETWNI
SYLYTETWN

SFLYKETWNI
SFLYTETWNI
SYFYRETWNI
SNK ETWKV
SYKKIETWKV

:*
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Dog
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Gibbon
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Baboon
Platypus
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Kangaroo
Chicken
Ostrich
Crow
Alligator
Chrysem
Pelomed
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Carp

Trout
Salmon

Smooth Dog Fish

Scyliorhinus
Spiny Dog Fish
Skate
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Frog

Lung Fish
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P Urchin

S Urchin

VIILFLV GTAF
VIILFLT ATGFL
VILFALTAATAFV
VILLFTV ATAFV
VILLFTV ATAFV
VILLLTT ATAF
VILLFAT ATAF
VILLLTV ATAF
VVLLFTV ATAF
VILLFTL ATAF
IILLFTL ATAF
IILLFTV ATAF
IILLFTV ATAF
IILLFTI ATAF
IILLFTV ATAF
I LLFTV ATAF
IVLLFAT ATAF
IILLFAV ATAF
VLLLFAV ATAF
IILLFTV ATAF
IILLLAT ATAF
IILLLAT ATAF
I LLL T TTAF
VVLLFTV ATAFV
VILLLTV ATAFV
VILLLTV ATAFV
VILLLTL ATAFV
VILLLTL ATAFV
VILLLTL ATAFV
VI LLLL ATAF
IILLLLT ATAF
I LLFLT ATAF

VVLLLLV  TAFV
VVLLLLV  TAFV
VVLLLLT ' TAFV
VVLLLLT ' TAFV

VILLFLL ATAFV
VVLLFLL ATAFV
VILLFLL ATAFV
VILLFLL ATAFV
VILLLLT TAFV
VILLFLV ATAFV
VVLFLLT  TAFV
V/LLVLT ATAFL
VILFLVTVLTAFV
VILFLVTILTAF

YVLPW

YVLPWGO
YVLPWGO

YVLPW

YVLPW(

YVLVWCO

Kk kekk ek Kkhkoekkhkkk Kkhkkhkkokk ok K

SEW
SEW
SEW
SEW
SEW
SEFW
SFW

O SFW

SEW
SEW
SEW
SEFW
SEFW
SEFW
SFW

) SFW

SEW
SEW
SEW
SEW
SEFW
SEFW
SFW

) SFW

SEW
SEW
SEW
SEW
SEW

) SFW

SFW

) SFW

SEW
SEW
SEW
SEW
SEFW

) SFW

SFW

) SFW

SEW
SEW
SEW
SEW

SFWAATVIANLVTAVP V
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ATVITNLLSAIPYL
ATVITNLLSAVPYL
ATVITNLISA PYV
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYV
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAVPYI
ATVITNLLSAIPYI
ATVITNLLSAVPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYI
ATVITNLLSAIPYV
ATVITNLFSAIPYI
ATVITNLFSAIPYI
ATVITNLFSAIPYI
ATVITNLLSATPYV
ATVITNLLSAIPFI
ATVITNLLSAIPY
ATVITNLLSAVPY
ATVITNLLSAVPY
ATVITNLLSAVPYV
ATVITNLLSAVPYV
ATVITNLLSAFPYI
ATVITNLLSAFPYI
ATVITNLLSAFPYI
ATVITNLLSAFPYI
ATVITNLLSAIPYI
ATVITNLLSAKPYI
ATVITNLLSAVPYL
ATVITNLFSAIPYL

SFWAATVITNLVSAIPY

:*

DLVOWLW

DLVOWIW
NDIVVWLW
TTLVEWIW
TTLVEWIW
TDLVEWIW
TNLVEWIW
TNLVEWIW
TDLVEWIW
TNLVEWIW
TNLVEWIW
TTLVEWIW
TTLVEWIW
TDLVOWIW
TDLVOWIW
TELVEWIW
TDLVEWIW
TTLVEWIW
TTLVEWIW
TTLVEWIW

TNLVOWVW
TTLVEWIW
STLVEWIW
TTLVEWIW
HTLVEWAW
OTLVEWAW
OTLVEWLW
STVVPWIW
NTLVOWIW
TNLVOWIW
D LVOWIW
D LVOWIW
ALVOWIW
ALVOWIW
N LVOWIW
NLLVOWIW
D LVOWIW
NILVEWIW
DTLVOWIW
NVLVOWSL
DTLVOWIW
PDLVOWLW
TTIVOWLW
TI VOWLW

kK

FAVDNATLT
FAVDNATLT
FSVSNATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDKATLT
YSVDNATLT
YSVDSPTLT
PAIDNPTL

FSVDKATLT
FSVDKATLT
FSVDKATLT
FSVDNPTLT
FSVDNPTLT
FSVDNPTLT
PSVDNATLT
FSVDNATLT
FSVDNATLT
FSVDNATLT
FSVDNATLT
FSVDNATLT
FSVDNATLT
FSVDNATLT
FSVDNATLT
FSIDNATLT
FSVDNATLT
FSVDKPTLT
FSVDNATLT
FSVDNATLT
FSVDNATLT
FSVDNATLT
FSVDKATLT
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REFTFHFILPFIVLA T IHLLFLHOTGSNNPI
IHLLFLHOTGSNNPL

RFFTFHFIFPFIILAL
RFFTFHFILPFILAA T IHI FLHOT
RFFAFHFILPFII ALAIVHLIFLHET
RFFAFHFILPFIILALAIVHLIFLHET
RFFAFHFILPFVITALAIVHLLFLHET
RFFAFHFIFPFITAALA VHLLFLHET
RFFAFHFILPFII AIA VHLLFLHET
RFFAFHFILPFIITALAAVHLLEFLHET
RFFAFHFILPFII ALAITHLLFLHET
RFFAFHFILPFIILALAITHLLFLHET
RFFAFHFILPFIITALVIVHLLFLHET
RFFAFHFILPFIITALVVVHLLEFLHET
FFAFHFILPFVVLALAAVHLLFLHET
RFFAFHFILPFVVLALDAVHLLFLHET
RFFCFHFILPFIISALACVHLLFLHET
RFFAFHFILPFIIAALA VHLLFLHET
RFFAFHFILPFIIAALAIVHLLFLHET
RFFAFHFILPFIIAALAIVHLLFLHET
RFFAFHFILPFIIAALV VHLLFLHET
RFFTFHFILPFIITALAALHLLEFLHET
RFFTFHFILPFIIATLAALHLLFLHET
RFFTLHFILPFCIVALTIVHLLEFLHET
RFFAFHFILPFVIAALAVIHLLFLHET
RFFAFHFILPFIILA VVVHLLEFLHET
RFFAFHFILPFIITALVLVHLLFLHET
RFFALHFLLPFAIAGITIIHLTFLHES
RFFALHFLLPFVIAGITLVHLTFLHES
RFFAFHFLLPFVIACLTLVHLTFLHET
RFTALHFLLPFALLASLITHLIFLHER
RFFTLHFLLPFTI CLT VHLLFLHET
RFFTLHFLTPFIISSLTTIHLLLLHEK
RFFAFHFLLPFIIAAATVIHLLEFLHET
RFFAFHFLLPFVIAAATIIHLLEFLHET
RFFAFHFLFPFVIAAATVLHLLFLHET
RFFAFHFLFPFVIAAATVLHLLFLHET
RFFAFHFLLPFLI ALSIIHLLFLHES
RFFAFHFLLPFLILALSVIHILFLHET
RFFAFHFLLPFLIVCLTLIHLLFLHET
RFFAFHFLFPFLIVALTLLHLLFLHE
RFFAFHFILPFAIAAASLVHIVEFLHET
RFFAFHFLLPFIIACASILHLLFLHET
RFFAFHFLLPFIISA TAAHFLFLHET
RFFAFHFFLPF IAGCLSVVHLLFLHOT
RFFAFHFLFPFI AALA IDLVFLHNS
RFFPFHFLFPEF = AALAV HLVFLHNS

* e kK e KKk . . o kK.
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LNSNIDKIPFHPYFTFKDIV
LNSNVDKIPFHPYFIYKDIF
INSNLDKIOFHPYFSFKDIL
IPSD DKIPFHPYYTIKDIL
IPSD DKIPFHPYHTIKDIL

SSNP
SNNPT
SNNPT

NPTCIPSNADKIPFHPYYTIKDIL
NPTCIPSDTDKIPFHPYYTIKDIL
NPT

ISSDVDKIPFHPYYTIKDIL
ISSD DKIPFHPYYTIKDIL
IPSN DKIPFHPYYTIKDIL
IPSN DKIPFHPYYTIKDIL
IPSD DKIPFHPYYTIKDIL
IPSD DKIPFHPYYTIKDIL
I PDSDKIPFHPYYTIKDIL
I SDSDKIPFHPYYTIKDIL
ITSDSDKIPFHPYYTIKDIL
INPSCITSDSDKIPFHPYYTIKDIL
[PTCLNSDADKIPFHPYYTIKDLL
[PTCLNSDADKIPFHPYYTIKDIL
LNSDTDKIPFHPYYTIKDIL
ISSOPDKIAFHPYYTIKDIL
NPLGCITSHSDKITFHPYYTIKDTL
NP GISSDPDKITFHPYYTTKDIL
NPSGCLNSDPDKIPFHPYYSVKDLV
LDPNSDKIPFHPYYT KDIL
INPDSDKIPFHPYYTIKDAL
ISSDSDKIPFHPYYSFKDIL
IISH DKIPFHPYFSLKDIL
IPSD DKIPFHPYYSIKDLL
ISPNADKIPFHPYFT KDAL
LNSNTDKIPFHPYFSYKDLL
LNSNPDKIPFHPYFSYKDLL
LNSDADKISFHPYFSYKDLL
LNSDADKVSFHPYFSYKDLL
INSDADKISFHPYFSYKDLL
INSDADKISFHPYFSYKDLL
INSDADKVSFHPYFSYKDLL
INSNTDKISFHPYFSYKDLFE
LNSD DKISFHPYFSYKDLL
LNSNTDKIPFHPYFSYKDLL
INSDADOIPFHPYFTFKDLL
LNSDPDKVPFHPYFSYKDLL
LNSNLDKISFHPYFT KDLL
LACDVDKVPFHAYFSYKDVV
LKSNYDKAPFHIYYTTKDTV

ANNPT
ANNPVI
ANNPFAFKSNYDKAPFHIYFTTKDTV
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S Urchin

FILISLVLISPNLL
WILVTFIWKENYLL

ILF ISLLAPNAL
LTLL LTLFAPDLL
LILL LTLFAPDLL
TTLLTLTLFAPDLL
LIL LLVLFTPDLL
LAL LLVLFAPDLL
LILLILVLFSPDLL
LALLALVLFSPDIL
LVLLILVLFFPDIL
LLLLTLVLFSPDLL
LLLLTLVLFSPDLL
LVLTLLVLFSPDLL
LVLTLLVLFSPDLL
LTL LLVLFSPDLL
LIL SLVLFSPDLL
LFL TLV--FPDLL
LIL TLVLFFPD L
FLL TLVLFSPDLL
L L SLVLFSPDLL
LSL TLTLFSPDLL

LAL TLTLFSPDLLN

LVLLTLVLFTPDLL
IILLSLA FSPDLL
FILL LALFSPD L
TPFLTLALFSPNLL
IPLLSLAFFSPNLL
IPLITLALFSPNLL
SSLLILALYLPALL
TLLLTLTLFSPNLL

LALTLLALFSPNLL
LALTLLALFSPNLL
LGLTSLALFAPNLL
LGLTSLALFAPNLL
FLLALLALFLPNLL
TLLATLALF PNLL
ILLALLALFLPNLL
LLLTLLALFTPNLL

LIII LALLSPNLLN

TALTLLA FSPNLL
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DPDNFIPANPLVTPAHIOPEWYFLFAYAILRSIPN

DPENFIPANPLVTPVHIOPEWYFLFAYAILRSIP
EPDNFIYANPLSTPPHIKPEWYFLFAYAILRSVP

DPDNYTPANPLSTPAHIKPEWYFLFAYAILRSIPI
DPDNYTPANPLSTPAHIKPEWYFLFAYATILRSIPN
DPDNYTPANPLSTPPHIKPEWYFLFAYAILRSIP
DPDNYTPANPLNTPPHIKPEWYFLFAYAILRSIP
DPDNYTPANPLNTPPHIKPEWYFLFAYATILRSIPI
DPDNYTPANPLNTPPHIKPEWYFLFAYAILRSIPN

DPDNYTPANPLSTPPHIKPEWYFLFAYAILRSIP
DPDNYTPANPLSTPPHIKPEWYFLFAYAILRSIP

DPDNYTPANPLSTPPHIKPEWYFLFAYAILRSIPN
DPDNYTPANPLSTPPHIKPEWYFLFAYATILRSIPN
DPDNYIPANPLSTPPHIKPEWYFLFAYAILRSIP
DPDNYIPPNPLSTPPHIKPEWYFLFAYAILRSIP
DPDNYIPANPLNTPPHIKPEWYFLFAYAILRSIPI
DPDNYTPANPLNTPPHIKPEWYFLFAYAILRSIPN

DPDNYTPANPLNTPPHIKPEWYFLFAYAILRSIP
DPDNY PANPLNTPPHIKPEWYFLFAYAILRSIP

DPDNYTPANPLSTPPHIKPEWYFLFAYAILRSIPN
DPSNYTOANPLNTPPHIKPEWYFLFAYAILRSVP!
DPDNYTLANPLNTPPHIKPEWYFLFAYTILRSVP

DPDNYTPADPLNTPPHIKPEWYFLFAYATILRSVP!
DPDNYTPANPLSTPPHIKPEWYFLFAYAILRSIP

DPDNFTPANPLNTPPHIKPEWYFLFAYAILRSIPN
DPDNFSPANPLSTPPHIKPEWYFLFAYAILRSIP!

DPENFTPANPLVTPPHIKPEWYFLFAYAILRSIP

DPENFTPANPLATPPHIKPEWYFLFAYAILRSIP
DPENFTPANPLATPPHIKPEWYFLFAYATILRSIPN
DPENFTPANS ITPTHIKPEWYFLFAYAILRSIPN
DPDNFTPANPLSTPPHIKPEWYFLFAYAILRSIP
ICLLTLTLFLPNLLTDPENFTPANPLSTPKHIKPEWYFLFAYAILRSIP
DPENFTPANPLVTPPHIKPEWYFLFAYAILRSIPN
DPENFTPANPLVTPPHIKPEWYFLFAYAILRSIPN

DPDNFTPANPLVTPPHIKPEWYFLFAYAILRSIP

DPDNFTPANPLVTPPHIKPEWYFLFAYAILRSIP
DAENFIPANPLVTPPHIKPEWYFLFAYAILRSIPN
DAENFIPANPLVTPLHIOPEWYFLFAYAILRSIPI
DAENFIPANPLVTPPHIKPEWYFLFAYAILRSIP
DTENFIPADPLLTPPHIKPEWYFLFAYAILRSIP
DPCNFTPANPLITPPHIKPEWYFLFAYAILRSIPN
DPDNFTPANPLITPPHIKPEWYFLFAYAILRS -

KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL
KL

SFL LLALFSPNLLCDPENFTPANPLVTPTHIKPEWYFLFAYAILRSIPNKL
ACLVFIALFSPNLLTDPENYIPANPLVTPVHIOPEWYFLFAYAILRSIPNKL

AALFVLALLFP ALKDPEKFIPANPLSHPPH

OPEWYFLFAYAILRSIP!

KL

AALFSLALLFPCALKDPEKFIPANPLVTPPHIOPEWYFLFAYAILRSIPNKL

. . *
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VIALVL
VIALVL
VVALAA
VLALLL
VLALLL
VLALAL
VLALIL
VLALAF
VLALVA
VLALVL
VLALAF
VLALIL
VLALIL
VLALVL
VLALVL
VLALVL
VLALVF
VVALIL
VLALIL
VLALVF
VLALLL
VLALLL
VLALFL
VLALVA
VLALLA
VLALLA
VLALAA
VLALAA
VLALAA
VLA FS
VLALLL
VLALLS
VLALLF
VLALLF
VLALLF
VLALLF
VLALLF
VLALLF
VLALLF
VLALLF
VLALLF
VLALVL
VLAL A
VVALA

V ALVA
VIALVA

R S
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SIAIL ILPFYNLSKFRCIOFYPINOILFWS LVTVILLTWI

SIAILLILPFTHSSKFRCLOFYPL
OFRPLAOITFWILIADLALLTWL

AT ILLIIPFTHTSKOR
SILVLALIP LHTSKORS
SILILAFIP LHTSNORS
SILILALIP LHTS
SILVLVI PLLHTS
SILILALIPLLHTSKORS
SILILIL P LHTSKOR
SILTLLIIPFLHTSKORS
SILILLLIPYLHTSKORS
SILILALIPTLH SKORS
SILILALIPTLH SK(
SILILAIVPLLHTS
SILVLATI PLLHTSKC

SILVLAIIPILHTSKOR
SILILAFIPLLHTSKORS

ILFWN VIVASLLTWI

FRPFSOFLFWVLVADLLTLTWI
FRPFSOFLFWVLVADLLTLTWI
LFWALIADLLTLTWI
C FWILVADLLTLTWI
FRPLSO LFWALVADLLTLTWI
FRPLSO LFW LVADLITLTWI
FRPLSO  FWLLVADLLTLTWI
FRPLSO  FWLLVADLLTLTWI
FRPLSO VFWLLVADLLTLTWI
FRPLSO VFWLLVADLLTLTWI
FRPI LFWLLVADLLTLTWI
FRPISO LFWFLVADLLTLTWI
FRPLSO LFWLLVADLLTLTWI
FRPLSO LFWLLVADLLTLTWI

SILILAFLPFLHTSKORSLTFRPITOILYWILVANLLVLTWI

SILILAL PFLHTSKORSL
SILILAILPVLOFSKORS
SILILA IPALHTAKOOS
SILILA IPILH S
SILILAATIP LHKSKC

FRPITOILYWILVANLLILTWI
FRPLSO PFWILTADLEFTLTWI
FRPLSOLTYWLLV NLLILTWI
SLYWLLAADLLILTWI
FRPLSOFLFWLLATTLLTLTWI

SILILILVPLLHTSYORCLAFRPLTO LEFWILVTDLLTLTWI
SILVLLIIP LHTSTORS AFRPISOTLFW LTANLIILTWI
SILILLIIPLLHTSKORSL FRPISOTLFWILTANLITLTWI
SVLILFLIPFLHKSKORT TFRPLSOTLFWLLVANLLILTWI
SVLILFLIPLLHKSKORS TFRPLSOLLFWFLVANLLILTWI
SVLVLFLIPLLHVSKORS TFRPLSOILFWTLVADLLILTWV
SILVLFL PALHTA S RP SOLLFWALTLDFLLLTWI
SILVLFL PALHTSKC OTLFWSFIANLLVLTWI
SVTILFI PTLHTSKORSATFRPFTOILFWSPTADLVILTWI
SILVL VVPLLHTSKORCLTFRPITOFLFWTLVAD IILTWI
SILVL VVPLLHTSKORCLTFRPITOFLFWTLVAD IILTWI
SILVL VVPILHTSKORGCLTFRPLTOFLFWALVAD LILTWI
SILVL VVPILHTSKORGCLTFRPLTOFLFWTLVAD LILTWI
SIFILLLVPLLHTSKORSIIFRPLTOIFFWVLVANSIILTWI
SIFILLLVPLLHTSKLRSNIFRPLTOIFFWSLVTNAIILTWI
SIFIL LIP LHTSKORSNIFRP TOFLFWTLVANAIILTWI
SILIL LVP LHTSKORSATFRPITOILFWTLLTNTIILTWI
SILIL LVPLLHTSKIRSATFRPLFKITLWILAADVLILTWI
SILILAL PLLHTSKORSL FRPFTOI FWALVADTLILTWI
SILILFIIPFLHRAKORT SYRPLSOF FWLLTAD LILTWI
SIVVLFF PFVHSSROTSHNFRPLAOVLEFWL VVNVLLLTWL
A LVLFL PLLKTSKKESNSFRPLSOATEFW LVATFEFVLTW

A LVLFL PLLNTSKKESNSFRPLSOAAFWLLVAHLFE LTW
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ARPVEEPYVLIGOILTI
ARPVEDPYILTGOILTV
EPAEYPFIL TOIAST
OPVEHPYVIVGOLASI
OPVEHPY IVCO
OPVEHPFIII
OPVEHPYIITI
OPVEHPYITI
OPVEHPFIII
OPVEHPFIIT
OPVEHPFIIT
OPVEHPYVII
OPVEHPYVII
OPVEHPYITI
OPVEHPYITVCO
OPVEHPFITI
OPVEHPFIII
OPVEHPFIIT
OPVEHPFIII
OPVEHPFIII
OPVSYPFITI
OPVSYPFTII
SOPVIOPLTTI
OPVEOPFITIIGOLAST
OPVEOPYITICOWASI
OPVEOPFIIIGOLASI
SOPVEHPFIIIGO ASL
SOPVEHPFIIIGOVASE
SOPVEHPFIIIGOLASF
OPVNPPYILICOTASL
OPVENPFITICOVAST
AOPVEDPFI IGOTASV
PVEHPFIIIGOIASV
PVEHPFIIIGOIASV
PVEHPFIIIGOVASV
PVEHPFIIIGOIASV
OPVEOPFI VGOIASI
OPVEOPFI VGCOIASV
OPVEOPFILVCOIASV
OPVEOPFIIICOIASV
OPVEDPYIIIGOAAST
OPVEDPYT IGOLASV
OPVEHPFILIGOIASA
OPVEYPYIFLGOAASV
SOPVEOPFVL GO ASL
SOPVEYPYVLLGOVASV
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Fly IYFLYYLIN-PLVTKWWDNLL

Mosquito LYFSYFIIN-PLLAKFWDKLL

Lamprey VYF IFILVFPILCYLENK LL
Blue Whale LYFLLILVL PVTSLIENKL K
Fin Whale LYFLLILVL PVTSLIENKL K
Hippo LYFLLILVL PVACIIENKLLK
Sheep YFLIILV PVASIIENNLLK
Cow LYFLLILVL PTACTIENKLLK
Pig LYFLIILVL PITSIIENNLLK
White Rhino LYFTLILVL PLACITIENNLLK
Black Rhino LYFSLILVL PLACIIENNLLK
Donkey LYFSLILIF PLASTIENNLLK
Horse LYFSLILIF PLASTIENNLLK
Halicho LYF ILLVL PIASIIENNILK
Seal Vitulina LYFTILLVL PIASIIENNILK
Cat LYFSTLLIL PISCIIENRLLK
Dog LYFTILLIL PTVSVIENNLLK
Rat SYFSIILIL PISGIVEDK LK
Mouse SYFSIILIL PISCIIEDK LK
Myoxus LYFSIILFFLPTFSLLENKLLK
Gibbon LYFTTILVL PAASLIENK LK
Man LYFTTILIL PTISLIENK LK
Baboon VYFLTTLVL PLAAOVENNLLK
Platypus LYFLLITTLIPLTCLLENDLLK
Possum SYFTIIIIL PLAG LENY LK
Kangaroo SYFLLIIIL PLACLFENY LE
Chicken SYFTILLILFPTICTLENK L

Ostrich TYFLILLVLFPAIAALENK I-
Crow AYFAIILILFPVVSALENKILK
Alligator FYFITIILIL P ACLLENK VE
Chrysem LYFSTLLILIPIACVIENK L-
Pelomed FYFTLILLLIPLAATLENKLLD
Carassi LYFALFLVLFPLACWLENKALK
Carp LYFALFLIF PLACWLENKALK
Trout IYFTIFLVLSPLACWAEIKAL

Salmon IYFTIFLVLAPLACWAENKALE
Smooth Dog Fish SYFALFLII PFISW ENKILS
Scyliorhinus AYFSLFLEFVIPITSW ENKFLS
Spiny Dog Fish TYFSLFLIIIPLTCWWENK L

Skate IYFLLFLILLPLACWWENKIL

Polypterus LYFLIFLVL PLSCWLENK L

Frog IYFSIFITI FPL CWVENKLL

Lung Fish TYFLLFLLLFPLITSLENKLLY
Amphioxus IYFVNILLLIPIVCYVENKLL-
P Urchin LYFSLF FCFPLVSSLEKK F
S Urchin LYFSLF FCFP VSS ENKI F

* * *



Rhodopsin

Japanese lamprey
Sea lamprey
Green anole
Toad

Frog

Salamander
Alligator
Chicken

Cow

Sheep

Whale

Dolphin

Pig

Dog

Seal

Mouse

Rat

Hamster

Rabbit
Blackmouth catshark
Spotted dogfish
Little skate
Goldfish

Common carp

Guppy
Blind cave fish

Japanese lamprey
Sea lamprey
Green anole
Toad

Frog

Salamander
Alligator
Chicken

Cow

Sheep

Whale

Dolphin

Pig

Dog

Seal

Mouse

Rat

Hamster

Rabbit
Blackmouth catshark
Spotted dogfish
Little skate
Goldfish

Common carp

Guppy
Blind cave fish

* Kk k Kk k Kk

VTV
VTV
VTI
VTI
VTI
VTI
VTV
VTI
VTV
VTV
VTV
VTV
VTV
VTV
VTV
VTV
VTV
VTV
VTV
VTI
VTI
VTI
VTI
VTI
VTI
VTI

**: : :**** *kkkk kkKk

TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE
TE

DNFYVPFES
ENFYIPFS

FYVP S
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PDFYIPFS
DEFYVP S
FYVPFS
FYVPFS
FYVPFS
FYVPFS
FYVPFS
FYVPFS
FYVPFS
FYVPFS
FYVPFS
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PDFYIP
FYVP
FYIP
FYVP
FYVP
FYVP
PYFYVP
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HKKLRTPLNY
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KT
KT
KT
KT
KT
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KT
KT
KT
KT
KT
KT
KT
KT
KT
VT
IT
AT
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KT
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LARSPYEYP
LARSPFEYP
VVRNPFEYP
VVRSPFEYP
IVRSPFEYP
VVRSPFEYP
VVRSPFEYP
VVRSPFEYP
VVRSPFEAP
VVRSPFEAP
VVRSPFEYP
VVRSPFEYP
VVRSPFEYP
VVRSPFEYP
VVRSPFEFP
VGRSPFEOP
VVRSPFEOP
VVRSPFEYP
VVRSPFEYP
VVRNPFEYP
VVRSPEFDYP
VVRSPEFDYP
IVRSPYDYP
VVKSPYDYP
IVRSPYEYP
VVRSPYEYP

LR
LA'A
LAVA
LAVA
LAFA
LAFANHF
LAFANHF
LAVADLF

LVVADLF

LF
LF
LF
HF

VL
VL
VL
VL
VL
VE
VL
VFE

LAVADLF
LAVADLF
LAVANLF
LAVANLF
LAVADLF
LAVADLF
LAVADLF
LAVADLF
LAVADLF
LAVADLF
LAVADLF
LAVANLF
LAVADLF
LAVSDLF
LAISDLF
LAISDLF
LAVADLF
LAVADLF

VFE
VF
VF
VE
VFE
VF
VF
VFE
VFE
VF
VL
VFE
IF
VF
VF
VFE
VFE
VFE
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YYLAEPWKYSALAAY
YYLAEPWKYSVLAAY
YYLADPWOFSALAAY
YYLAEPWOYSIL AY
YYLAEPWKYSVLAAY
YYLAEPWOYSVLAAY
YYLAEPWKYSALAAY
YYLAEPWKFSALAAY
YYLAEPWOFS LAAY
YYLAEPWOFS LAAY
YYLAEPWOFSVLAAY
YYLAEPWOFSVLAAY
YYLAEPWOFS LAAY
YYLAEPWOFS LAAY
YYLAEPWOFS LAAY
YYLAEPWOFS LAAY
YYLAEPWOFS LAAY
YYLAEPWOFS LAAY
YYLAEPWOFS LAAY
YYLADHW FAVLAAY
YYLAEPWKFSVLAAY
YYLCEPW FSALAAY
YYLVAPWAYA LAAY
YYLVAPWAY(G LAAY
YYLVSPAAYA LCAY
YYLAPPWAYA LAAY
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YTS
YSS
YTS
YSS

FOFTVT
FOFTLT
FTTT
FTVT
FTIT YTSLH
FPVT 'YSS'H
FTTTLYTS

FTTT 'YTS

FTTTLYTSLHCYFEVE
FTTTLYTSLHCYFVF
FTTTLYTSLHAYFVF
FTTTLYTSLHAYFVF
FTTTLYTSLHCYFVFE
FTTTLYTSLHCYFVF
FITTTLYTSLHCYFEVE
FTTTLYTSLHCYFEVE
FTTTLYTSLHCYFVFE
FTTTLYTSLHCYFVF
FTTTLYTSLHCYFVF
FTTTLITS YEVFE
FPST 'ITS YEVFE
FTTTIITS YFIF
FTTT YTSLHCYFEVE
FTTT YTSLHCYFVE
FTTTIYTS HCYFVL
FTTT YTSLNCYFVFE
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YFVFE
YFVFE
YFIF
YFIL
YFVFCOT
YFEVFCOT
YFVFE
YEVFE

FFLILV
FFLILV
FLLILL
FLLILL
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FLLILL
F LIIL
F LILL
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F LIVL
FLLIVL
FLLIVL
FLLIVL
FLLIVL
FLLIVL
FLLIVL
FFLIIT
FFLIIA
FFLILT
FFLIIT
FFLIIT
FFLILV
FFLILV
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PT
PT
TV
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vT
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PA
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Japanese lamprey EVALWSLVVLAIERYIVI KP CNFREFGNTHAI CVAFTWI ALA AAPPLVCWSRYIP
Sea lamprey E SLWSLVVLAIERYIVI KP [FRFGSTHAY GVAFTWE ALS AAPPLVCWSRYLP
Green anole E GCLWSLVVLAVERYVVI KP SNFRFGETHALIGVS TWI ALA ACPPLLCWSRYIP
Toad EIALWSLVVLAIERYVVV KP SNFREFSENHAV GVAFTWI ALS AVPPLLCWSRYIP
Frog EIALWSLVVLAIERYIVV KP SNEFRFCENHA VAFTWI ALA AVPPLFCWSRYIP
Salamander EIALWSLVVLAIERYVVV KP SNFRFGENHAI GV TWI ALA AAPPLFCWSRYIP
Alligator EVALW LVVLAIERYIVV KP SNFRFCENHAI CVVETWI ALT AAPPLVCWSRYIP
Chicken EIALWSLVVLAVERYVVV KP SNEFRFGCENHAI GVAFSWI A A AAPPLFCWSRYIP
Cow EIALWSLVVLAIERYVVV KP SNFRFGCENHAI CVAFTWV ALA AAPPLVCWSRYIP
Sheep EIALWSLVVLAIERYVVV KP SNFRFGENHAI GVAFTWV ALA AAPPLVCWSRYIP
Whale EIALWSLVVLAIERYVVV KP SNFRFGENHAI GLALTWV A A AAPPLVCWSRYIP
Dolphin EIALWSLVVLAIERYVVV KP SNFRFGCENHAI GLALTWI A A AAAPLVCWSRYIP
Pig EIALWSLVVLAIERYVVV KP SNFRFGCENHAI GLALTWV ALA AAPPLVCWSRYIP
Dog EIALWSLVVLAIERYVVV KP SNFRFGENHAI GVAFTWV ALA AAPPLACWSRYIP
Seal EIALWSLVVLAIERYVVV KP SNFRFCENHAI CVCEFTWV ALA AAPPLVCWSRYIP
Mouse EIALWSLVVLAIERYVVV KP SNEFRFGCENHAI GVVFTWI ALA AAPPLVCWSRYIP
Rat EICLWSLVVLAIERYVVV KP SNFRFGCENHAI CVAFTWV ALA AAPPLVCWSRYIP
Hamster EIALWSLVVLAIERYVVI KP SNFRFGENHAI GVVETWI ALA AAPPLVCWSRYIP
Rabbit EIALWSLVVLAIERYVVV KP SNFRFGENHAI GVAFTWI ALA AAPPLVCWSRYIP
Blackmouth catshark EISLWSLVVLAIERYVVV KP SNFRFGSOHAIAGVSLTWV A A AAPPLVCWSRYIP
Spotted dogfish EICLWSLVVLAIERYVVV KP SNFRFGSOHAF CVCLTWI A A AFPPLVCWSRYIP
Little skate EVOLW LVVLAIERY VV KP ANFREFGSOHAIIGVVETWI ALS ACPPLVCWSRYIP
Goldfish E CLWSLVVLAFERW VV KPVSNFRFCENHAI CVVETWE A T AVPPLVCWSRYIP
Common carp E CLWSLVVLAFERW VV KPVSNFRFCENHATI CVVETWE A T AVPPLVCWSRYIP
Guppy EICLWSLVVLAVERWLVV KPISNFREFSENHAI CLVETWI ANS AAPPLLCWSRYIP
Blind cave fish INSLW LVVLSIERWVVV KP SNFRFCENHAI CVAFTWE ALA TVPPLVCWSRYIP

KKk Kok kks Kok sk akkk s Kkkk | kk k. Sk KK aka kK kAKkK Lok
Japanese lamprey EC O S CPDYYTLNPNEFNNESYVVY FVVHFLVPFVIIFFE YCRLL TVKEAAAAQOOES
Sea lamprey EGC O S CPDYYTLNPNEFNNESFVIY FLVHFIIPFIVIFF YCRLL TVKEAAAAQOES
Green anole E ) S GCVDYYTPTPEVHNESFVIY FLVHEVTPLTIIFF YCRLV
Toad E ) S GVDYYTLKPEVNNESEFVIY FVVHFTIPLIIIFEF YCRLV
Frog EGC O S CVDYYTLKPEVNNESFVIY FVVHFLIPLIIISE YGRLV
Salamander EG O S CVDYYTLKPEVNNESFVIY FLVHFTIPL IIFF YCRLV
Alligator EGC O S GVDYYTLKPEVNNESEFVIY FVVHFAIPLAVIFF YCRLV
Chicken EG O S GIDYYTLKPEINNESFVIY FVVHF IPLAVIFF YGNLV
Cow EGC O S CIDYYTPHEETNNESFVIY FVVHFIIPLIVIFF YCOLVEFTVKEAAA
Sheep OG0 S CALYFTLKPEINNESFVIY FVVHFSIPLIVIFF YCOLVFTVKEAAA
Whale EG O S GIDYYTSROEVNNESFVIY FVVHFTIPLVIIFF YCOLVETVKEAAA
Dolphin EG O S GIDYYTSROEVNNESFVIY FVVHFTIPLVIIFF YGOLVETVKEAAAO
Pig ECLO S CIDYYTLKPEVNNESFVIY FVVHESIPLVIIFF YGCOLVETVKEAAAQ
Dog EG O S CIDYYTLKPEINNESFVIY FVVHFAIP IVIFF YGCOLVEFTVKEAAAQ
Seal EGC O S GIDYYTLKPEVNNESEFVIY FVVHFTIP IVIFF YCOLVEFTVKEAAA
Mouse EG O S GIDYYTLKPEVNNESEFVIY FVVHFTIP IVIFF YCOLVEFTVKEAAA
Rat EGC O S CIDYYTLKPEVNNESFVIY FVVHFTIP IVIFF YCOLVEFTVKEAAA
Hamster EC O S CVDYYTLKPEVNNESFVIY FVVHFTIPLIVIFF YCOLVETVKEAAA
Rabbit E S GIDYYTLKPEVNNESFVIY FVVHFTIPLIIIFF YCOLVETVKEAAA
Blackmouth catshark E S GIDYYTPKPEINNVSFVIY FVVHEFSIPLTIIFF YCRLV TVKAAAA
Spotted dogfish EC O S CIDYYTLKPEVNNESEVIY FVVHFSIPLTIIFF YCRLV TVKEAAA
Little skate ECLO S CVDYYT KPEVNNESFVIY FVVHEFTIPLIVIFFEF YCRLV TVKEAAA
Goldfish EC O S GCVDYYTRPOAYNNESEVIY FIVHFIIPLIVIFF YCRLV TVKEAAAOHEES
Common carp EGC O S GVDYYTRAPCYNNESEFVIY FLVHFIIPLIVIFF YCRLV TVKDAAAOOOES
Guppy EGC O S GCVDYYTRAEGCFNNESFVIY FI HF IPLIVVFF YGCRLL
Blind cave fish EG O S CIDYYTRAECEFNNESFVIY FVVHFLTPLFVITFEF YGCRLV
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VVL
VVL
VVI
VII
VVI
VII
VII
VII
VII
VII
VII
VII
VII
VII
VII
VII
VII
VIL
VII
VVI
VII
VII
VVI
VVI
VVI
VIL

YNPVIYIL NKOFRN
YNPIIYIL NKOFRN
YNPVIYIL NKOFRN
YNPVIYI LNKOFRN
YNPVIYI LNKOFRN
YNPVIYIVLNKOFRN
YNPVIYIV NKOFRN
YNPVIYIV NKOFRN
YNPVIYI  NKOFRN
YNPVIYI  NKOFRN
YNPVIYI  NKOLRN
YNPVIYI  NKOFRN
YNPVIYI  NKOFRN
YNPVIYI  NKOFRN
YNPVIYI  NKOFRT
YNPVIYI LNKOFRN
YNPIIYI NKOFRN
YNPVIYI  NKOFRN
YNPVIYI

YNPLIYIL NKO

YNPLIYIL NKOFRN
YNPLIYIL NKOFRN
YNP IYI NKOFRH
YNP IYI NKOFRH
YNPLIYI NKOFRH
YNPVIYI LNKOFRH
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VICFLV
VIGFLV
VISFLV
VVFFLI
VIFFLI
VVAFLI
VVSFLI
VIAFLI
VIAFLI
VIAFLI
VVAFLI
VVAFLI
VVAFLI
VIAFLI
VIAFLI
VIFFLI
VIFFLI
VVFFLI
VIAFLI
VIGCFLI
VIAFLI
VVAFLI
VICFLI
VICFLI
VICFLV
FIAYLV

WVPYASVAFYIFTHOCSDFCATF TLPAFFAKSSAL
WVPYASVAFYIFTHOGCSDFCATE TVPAFFAKTSAL
WVPYASVAFYIFTHOGCSDFCPVE TIPAFFAKSSAI
WVPYASVAFFIFSNOCSEFCPIF TVPAFFAKSSSI
WVPYAYVAFYIFTHOCSEFCPIF TVPAFFAKSSAI
WVPYASVAFYIFSI PIF TVPAFFAKSSAI
WVPYASVAFYIFSNO PVF TIPAFFAKSSAI
WVPYASVAFYIFTNOCSDFCPIF TIPAFFAKSSAI
WLPYACVAFYIFTHOCSDFCPIF TIPAFFAKTSAV
WLPYACVAFYIFTHOGCSDFCPIF TIPAFFAKSSSV
WVPYASVAFYIFTHOGCSDFCPIF TIPSFFAKSSSI
WVPYASVAFYIFTHOCSDFCPIF TIPSFFAKSSSI
WLPYASVAFYIFTHOCSDFCPIF TIPAFFAKSASI
WVPYASVAFYIFTHOGSDFCPIF TLPAFFAKSSSI
WVPYASVAFYIFTHOGSNFCPIF TLPAFFAKAASI
WLPYASVAFYIFTHOCSNFCPIF TLPAFFAKSSSI
WLPYASVA YIFTHOGCSNFCPIF TLPAFFAKTASI
WEPYACVAFYIFTHOGCSNFCPIF TLPAFFAKSSSI
WVPYASVAFYIFTHOGCSNFCPIF TIPAFFAKSSSI
WLPYASVALYIFNNOCSEFCPVE TIPSFFAKSSAL
WLPYASVAFFIF NOCSEFCPIF TIPAFFAKAASL
WVPYASVAFYIFINOG DFTPFF TVPAFFAKSSAV
WIPYASVAWYIFTHOGSEFCPVE TLPAFFAKTAAV
WIPYASVAWYIFTHOGSEFCPVE TVPAFFAKSAAV
WIPYASVAWYIFTHOCSEFCPLF TVPAFFAKSASI
WLPYASVSWWIFTNOCSEFCPIF TVPAFFAKSSSI
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ITTL KNPLCDDESCASTS-KTEVSSVSTSPVSPA
ITTL KNPLCDEDSCASTS-KTEVSSVSTSOVSPA
I TL KNPLGDEETSAGCT--KTETSTVSTSOVSPA
ITTL KNPFCEDDASSAATSKTEASSVSSSOVSPA
ITTL KNPFCDEDASSAATSKTEATSVSTSOVSPA
ITTI KNPFCDDETTSAATSKTEASSVSSSOVSPA
ITTL KNPLCDDETATGSK--TETSSVSTSOVSPA
ITTL KNPLGCDEDTSAGC-K--TETSSVSTSOVSPA
VTTL KNPLCDDEASTT=-==——-— VSKTETSOVAPA
LTTL KNPLCDDEASTT====—- VSKTETSOVAPA
LTTL RNPLCDDEASTT-————-— ASKTETSOVAPA
LTTL RNPLCDDEASTT-=--——-— ASKTETSOVAPA
LTTL KNPLCDDEASTT===——- TSKTETSOVAPA
ITTL KNPLCDDEASAS—-==——- ASKTETSOVAPA
ITTL KNPLCDDEVSAS————-=— ASKTETSOVAPA
LTTL KNPLCDDDASAT————-= ASKTETSOVAPA
LTSL KNPLCDDEASAT---——-— ASKTETSOVAPA
LTTL KNILCDDEASAT---——- ASKTETSOVAPA
LTTI KNPLCDDEASAT-————-— ASKTETSOVAPA
ITTL KNPFEEEESTSASASKTEASSVSSSOVSPA
ITTI KNPFEEEESTSASASKTEASSVSSSOVAPA
ITTI LGKNPFEEEESTSASASKTEASSVSSSOVAPA
ITTL KNPFEEEEGASTTASKTEASSVSSSSVSPA
ITTL KNPFEEEECASTTASKTEASSVSSSSVSPA
ITTL KNPFEEEECASTTASKTEASSVSSSSVSPA
ITTL KNPFEEEEGASTTASKTEASSVSS—--VSPA

- . . . Kk akk

ek Kk ek .

KAKK e kKo kKKK o o oo



Myoglobin

Green sea turtle
Map turtle
Alligator

Lace monitor
Human
Chimpanzee
Gorilla

Pig

Aardvark

Tree shrew
Rabbit

Mouse

Rat

Dog

Fox

Badger

Otter

Muskrat

Deer

Sheep

Cow

Horse

Elephant

Whale

Dolphin

Seal

Possum
Kangaroo
Duckbill platypus
Echidna
Emperor penguin
Chicken

Common carp
Yellowfin tuna

LSDDEWNHVLGCIWAKVEPDLTAH
LSDDEWHHVLGIWAKVEPDLSAH
ELSDOEWKHVLDIWTKVESKLPEH

LSDEEWKKVVDIW

LSD
LSD
LSD
LSD

LSDAEWOLVLNVW

LSD

LSDAEWOLVLNVW

LSD
LSD
LSD
LSD
LSD
LSD
LSD
LSD
LSD
LSD
LSD
LSD
VLSE
LSD
LSD
LSD

—--—--HDAELVLK W
—-—-——-ADFDAVLK W

ODEWOOVLT W

KVEADIP
KVEADIP
KVEADIS
KVEADVA
KVEADIP
KVEADVA
KVEADLA
KVEADLA
KVECDLA
KVETDLA
KVETDLA
KVEADLA
KVEADLA
KVEADLA
KVEADVA
KVEADVA
KVEADVA

EWOLVLNVW
EWOLVLNVW
EWOLVLNVW
EWOLVLNVW

EWOLVLNVW

EWOLVLNVW
EWOLVLNVW
EWOIVLNIW
EWOLVLNIW
EWOLVLNVW
EWOLVLNVW
EWOLVLHVW
EWOLVLNAW
EWOLVLNAW
EWOLVLNAW
EWOOVLNVWCKVEADIA
EWELVLKTWCKVEADIP
EWOLVLHVWAKVEADVA
EWOLVLNVWCKVEADLA
EWHLVLNVWCKVETDLA
EWOLVLNAWGCKVEADIP
EWOLVLNIWCKVETDE
EWOLVLKVWCKVEGDLP
EWOLVLKVWCKVETDIT
KVESDLA
KVEADIA
VEADFE
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PVEADYTT

KVEPDLPSH

H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
T
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OEVIIRLFOLHPETOERFAKFKNLTTIDALKSSEE
OEVIIRLFOVHPETOERFAKFKNLKTIDELRSSEE

HEVIIRLLOEHPETOERFEKFKH KTADE
OEVIIR FONHPETODRFAKFKNLKTLDE
OEVLIRLFKCHPETLEKFDKFKHLKSEDE
DEVLIRLFKCHPETLEKFDKFKHLKSEDE
OEVLIRLFKCHPETLEKFDKFKHLKSEDE
OEVLIRLFKCHPETLEKFDKFKHLKSEDE
ODVLIRLFKCHPETLEKFDRFKHLKTEDE
OEVLIRLFKCHPETLEKFDKFKHLKTEDE
OEVLIRLFHTHPETLEKFDKFKHLKSEDE
OEVLICLFKTHPETLDKFDKFKNLKSEED
OEVLIKLFKNHPETLEKFDKFKHLKSEDE
DEVLIRLFKNHPETLDKFDKFKHLKTEDE
OEVLIRLFKNHPETLDKFDKFKHLKTEDE
OEVLIRLFKCHPETLEKFDKFKHLKSEDE
OEVLIRLFKCHPETLEKFDKFKHLKSEDE
ODVLIRLFKAHPETLEKFDKFKHIKSEDE
OEVLIRLFTCHPETLEKFDKFKHLKTEAE
OEVLIRLFTCHPETLEKFDKFKHLKTEAE
DEVLIRLFTCHPETLEKFDKFKHLKTEAE
OEVLIRLFTCHPETLEKFDKFKHLKTEAE
EFVLVRLFTCHPETLEKFDKFKHLKTECE
ODILIRLFKSHPETLEKFDRFKHLKTEAE
ODVLIRLFKCHPETLEKFDKFKHLKTEAD
OEVLIRLFKSHPETLEKFDKFKHLKSEDD
OEVLIRLFKCHPETLEKFDKFKHLKSEDE
KDVLIRLFKCHPETLEKFDKFKHLKSEDE
OEVLIRLFKTHPETLEKFDKFKCLKTEDE
ODVLIRLFKTHPETLEKFDKFKHLKTEDE
HAVL RLFKSHPET DRFDKFRCLKTPDE
HEVL RLFHDHPETLDREFDKFKGCLKTPDO

KSSEK
KNSED
KASED
KASED
KASED
KASED
KASED
KASED
KASED
KGSED
KGSED
KGSED
KGSED
KGSED
KGSED
KGSED
KASED
KASED
KASED
KASED
KASED
KASED
KASED
RRSED
KASED
KASED
KASAD
KASAD
RGSED
KGSED

EVLTRLFKOHPETOKLFPKEVGIAS-NELAGNAA
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Green sea turtle
Map turtle
Alligator

Lace monitor
Human
Chimpanzee
Gorilla

Pig

Aardvark

Tree shrew
Rabbit

Mouse

Rat

Dog

Fox

Badger

Otter

Muskrat

Deer

Sheep

Cow

Horse

Elephant

Whale

Dolphin

Seal

Possum
Kangaroo
Duckbill platypus
Echidna
Emperor penguin
Chicken

Common carp
Yellowfin tuna

VKKH
VKKH

KOH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKH
LKKO
LKKH
LKKH
LRKH
LKKH
LKKH
LKKH
LKKH

KKH
LKKH
VKAH
ISAH
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TTVLTAL
TTVLTAL
NTVETAL
TTVLTAL
ATVLTAL
ATVLTAL
ATVLTAL
NTVLTAL
TTVLTAL
NTVLSAL
NTVLTAL

TVLTAL
NTVLTAL
NTVLTAL
NTVLTAL
NTVLTAL
NTVLTAL
BTVLTAL
NTVLTAL
NTVLTAL
NTVLTAL
TVVLTAL
VIVLTAL
VIVLTAL
NTVLTAL
NTVLTAL
ATVLTAL
ITVLTAL

TVLTAL

VVLTAL
VIVLT-L
ATVLTOL
ATVLKKL
ATVLKKL
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RILKOK!

NILKOK
RILKOK
ILKKK
ILKKK
ILKKK
ILKKK
ILKKK
ILKKK
ATILKKK
TILKKK
ILKKK
ILKKK
ILKKK
ILKKK
ILKKK
ILKKK
ILKKK
ILKKK
ILKKK
ILKKK
ILKKK
ATILKKK
ATILKKK
ILKKK
NILKKK
NILKKK
NILKKK
SILKKK
OILKKK
KILKOK
ELLKAR
ELLKAK
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INHEOELKPLAESHATKHKIPVKYLEFI EIIVKVIAEKHP
RILKLKN

HEPELKPLAESHATKHKIPVKYLEFI EIIVKVIAEKHP
NHAEVLKPLAKSHALEHKIPVKYLEFISEIIVKVIAEKYP
HHEAEIAPLAOTHANTHKIPIKYLEFI EVIVGVIAEKHS
HHEAEIKPLAOSHATKHKIPVKYLEFISE IIOVLOSKHP
HHEAEIKPLAOSHATKHKIPVKYLEFISE IIOVLHSKHP
HHEAEIKPLAOSHATKHKIPVKYLEFISE ITIOVLOSKHP
HHEAELTPLAOSHATKHKIPVKYLEFISEAIIOVLOSKHP
OHEAEIOPLAOSHATKHKIPVKYLEFISEAIIOVIOSKHS
OHEAEIKPLAOSHATKHKIPVKYLEFISEAIIOVLOSKHP
HHEAEIKPLAOSHATKHKIPVKYLEFISEAIIHVLHSKHP
OHAAEIOPLAOSHATKHKIPVKYLEFISEIIIEVLKKRHS
OHAAEIOPLAOSHATKHKIPIKYLEFISEAIIOVLOSKHP
HHEAELKPLAOSHATKHKIPVKYLEFISDAIIOVLOSKHS
HHEAELKPLAOSHATKHKIPVKYLEFISDAITOVLOSKHS
HOEAELKPLAOSHATKHKIPVKYLEFISDAIAOVLOSKHP
KHEAELKPLAOSHATKHKIPIKYLEFISEAIIOVLOSKHP
HHEAEIKPLAOSHATKHKIPIKYLEFISEAIIHVLZSKHP
HHEAEVKHLAESHANKHKIPVKYLEFISDAIIHVLHAKHP
HHEAEVKHLAESHANKHKIPVKYLEFISDAIIHVLHAKHP
HHEAEVKHLAESHANKHKIPVKYLEFISDAIIHVLHAKHP
HHEAELKPLAOSHATKHKIPIKYLEFISDAIIHVLHSKHP
HHEAEIOPLAOSHATKHKIPIKYLEFISDAITHVLOSKHP
HHEAELKPLAOSHATKHKIPIKYLEFISEAITHVLHSRHP
HHDAELKPLAOSHATKHKIPIKYLEFISEAITIHVLHSRHP
HHEAELKPLAOSHATKHKIPIKYLEFISEAITIHVLHSKHP
NHEAELKPLAOSHATKHKISVOFLEFISEAITIOVIOSKHP
HHEAELKPLAOSHATKHKIPVOFLEFISDAIIOVIOSKHA
OHEAELKPLAOSHATKHKISIKFLEYISEAITIHVLOSKHS
OHEAELKPLAOSHATKHKISIKFLEFISEATITHVLOSKHS
HHEAELKPLSOTHATKHKVPVKYLEFISEATI KVIAOKHA
NHESELKPLAOTHATKHKIPVKYLEFISEVIIKVIAEKHA
DHAAILKPLATTHANTHKIALNNFRLITEVLVKV AEKA
SHAAILKPLANSHATKHKIPINNFKLISEVLVKV HEKA
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Green sea turtle
Map turtle
Alligator

Lace monitor
Human
Chimpanzee
Gorilla

Pig

Aardvark

Tree shrew
Rabbit

Mouse

Rat

Dog

Fox

Badger

Otter

Muskrat

Deer

Sheep

Cow

Horse

Elephant

Whale

Dolphin

Seal

Possum
Kangaroo
Duckbill platypus
Echidna
Emperor penguin
Chicken

Common carp
Yellowfin tuna

SDF
SDF
ADF
ADF
DF
DF
DF
DF
DF
DF
DF
DF
DF

ADS
ADS
ADS
ADS
ADA
ADA
ADA
ADA
ADA
ADA
ADA
ADA
ADA

AA
AA
AA
EA

A
A
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DFHADTEAA
DFHADTEAA
FAAEA

BF

AEF
AEF
DF

ADF
ADF
SNF
ADF
LDA
LDA

ADA
ADVZ
ADA
ADA
ADA
ADA
ADA
ADA
ADA
ADA!
DA
ADA
ADA
ADA
ADA
ADS

A
A
A
A
A

AA

A
AA

A

A
AA
AA
AA
AA
AA
EA
AA
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KKALELFRND ASKYKEF
RKALELFRND ASKYKEF
RKALELFRND ASKYKEF
RKALELFRND ASRYKEL
KALELFRKD ASNYKEL
KALELFRKD ASNYKEL
KALELFRKD ASNYKEL
SKALELFRND AAKYKEL
SKALELFRNDIAAKYKEL
SKALELFRNDIAAKYKEL
SKALELFRNDIAAOYKEL
SKALELFRNDIAAKYKEL
SKALELFRNDIAAKYKEL
KKALELFRNDIAAKYKEL
KKALELFRNDIAAKYKEL
KKALELFRNDIAAKYKEL
KRALELFRNDIAAKYKEL
KRALELFRNDIAAKYKEL
SKALELFRND AAOYKVL
SKALELFRND AAEYKVL
SKALELFRND AAQYKVL
TKALELFRNDIAAKYKEL
KKALELFRNDIAAKYKEL
KALELFRKDIAAKYKEL
KALELFRKDIAAKYKEL
KKALELFRNDIAAKYKEL
KALELFRND AAKYKEL
KKALELFRHD AAKYKEF
KALELFRND AAKYKEF
KALELFRND ATKYKEF
KKALELFRND ASKYKEF
KKALELFRND ASKYKEF

SALRRV DVVIGCDIDTYYKEI
TALRNV CIITIADLEANYKEL
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Hemoglobin «

Iguana
Monitor lizard
Whale
Dolphin
Seal

Walrus

Dog

Fox

Giant panda
Sun bear
Cat

Lynx
Leopard
Palm civet
Lemur
Gorilla
Chimpanzee
Mandrill
Baboon
Green monkey
Yak

Cow

Goat
Hippopotamus
Pig

Horse

Zebra

White rhinoceros
Indian rhinoceros
Tapir

Camel

Llama

Mouse

Rat

Possum
Kangaroo
Echidna
Platypus
Alligator
Crocodile
Snake

Duck

Goose

Rhea
Ostrich
Chicken
Bullfrog
Newt
Goldfish
Common carp
Tuna

Salmon
Trout

Eel
Stingray
Lungfish
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VLTEDDKNHIRAIWCHVDNNPEAFGCVEALTR--LEFLAYPATKTYFAHF-DLNPGCSAOIKA

VLTEDDKNHVKGLWAHVHDHIDEIAADALTR--

VLSPTDKSNVKATWAKI
VLSPADKTNVKGTWSKI
VLSPADKTNVKTTWDKL
VLSPADKTNVKTTWDKL
VLSPADKTNIKSTWDKI
VLSPADKTNIKSTWDKI
VLSPADKTNVKATWDKI
VLSPADKSNVKATWDKI
VLSAADKSNVKA WCKI
VLSAADKSNVKA WCKI
VLSSADKNNVKA WCKI
VLSSADKNNIKATWDKI
VLSPADKNNVKSAWNAT
VLSPADKTNVKAAWCKV
VLSPADKTNVKAAWCKV
VLSPADKKNVKAAWDKV
VLSPDDKKHVKAAWCKV
VLSPADKSNVKAAWCKV
VLSAADKCNVKAAWCKV
VLSAADKCNVKAAWCKV
VLSAADKSNVKAAWCKV
VLSANDKSNVKAAWCKV
VLSAADKANVKAAWCKV
VLSAADKTNVKAAWSKV
VLSAADKTNVKAAWSKV
VLSPTDKTNVKTAWCHV
VLSPTDKTNVKTAWSHV
VLSPTDKTNVKAAWSKV
VLSSKDKTNVKTAFCKI
VLSSKDKANIKTAFCKI
VLSCEDKSNIKAAWCKI
VLSADDKTNIKN WCKI
VLSANDKTNVKGCAWSKV
VLSAADKCHVKAIWCKV
VLTDAEKKEVTSLWCKAS
LTDAEKKEVTALWCKAA
VLS EDKSNVKAIWGCKAS
VLSSDDK NVKAVWSKVA

NHCAEY
NHSAEY

HA
HA
HA
HA
HA
SHA
SHA
SHA
SHA
SHA
SHA
AHA
AHA
HA
EHA
HA

EY
EY
DY
DY
EY
EY
EY
DY
EY
EY
EH
DY
zY
EY
EY
EY

HAAEY
HAAEY

(A

AY

NHAPEY

AHA
SHA

AH
EY
EF
EY
EY
EY

HAAEY
HAADY
HCAEY

H
NS

EY
AY

FLAHPASKTYFAHF-DLSP
AEALER-- F NFPSTKTYFPHF-DLCH
AEALER-- FINFPSTKTYFSHF-DLCH
EALER--TFTAFPTTKTYFPHF-DLSH
EALER--TF SFPTTKTYFPHF-DLSP
EALDR--TFOSFPTTKTYFPHF-DLSP
EALDR--TFOSFPTTKTYFPHF-DLSP
EALER--TFASFPTTKTYFPHF-DLSP
EALER--TFASFPTTKTYFPHF-DLSP
AEALER--TF SFPTTKTYFPHF-DLSH
TEALER--TF SFPTTKTYFPHF-DLSH

AEALER--TF SFPTTKTYFPHF-DLSH
AEALER--TFISFPTTKTYFPHF-DLSH
AEALER-- FLSFPPTKTYFPHF-DLSH
AEALER-- FLSFPTTKTYFPHF-DLSH
AEALER-- FLSFPTTKTYFPHF-DLSH
AEALER-- FLSFPTTKTYFPHF-NLSH
AEALER-- FLSFPTTKTYFPHF-DLSH
AEALER-- FLSFPTTKTYFPHF-DLSH
AEALER-- FLSFPTTKTYFPHF-DLSH
AEALER-- FLSFPTTKTYFPHF-DLSH
AEALER-- FLSFPTTKTYFPHF-DLSH
AEALER-- FLSFPTTKTYFPHF-DLSH
AEALER-- FLOFPTTKTYFPHF-NLSH
AEALER-- FLOFPTTKTYFPHF-DLSH
AEALER-- FLOFPTTKTYFPHF-DLSH
AEALER-- FLSFPTTKTYFPHF-DLSH
AEALER-- FLSFPTTKTYFPHF-DLSH
AEALER-- FLOFPTTKTYFPHF-DLSH
AEALER-- FLOFPTTKTYFPHF-DLSH
AEALER-- FLOFPTTKTYFPHF-DLSH
AEALER-- FASFPTTKTYFPHF-DVSH
EEALOR-- FAAFPTTKTYFSHI-DVSP

EALYR--TFLSFPTTKTYFPNY-DFSA

HACEYAAECLER--TFHSFPTTKTYFPHF-DLSH
HAEEY
HCEEY
HLEEY
HLEEY
VLSEDDKNRVRTSVCKNPELPCEY

LTAEDKKLITOLWEKVACHOEEF

LTADDKKLLAOLWEKVAGHODEF

LTADDKKLISOIWTKVAEHGCEF

LTADDKKLIOOIWEKVCSHLEDF

LTAEDKKLIOOAWEKAASHOEEF
SLSASEKAAVLSIVCKIGSOGSAL
VLSAEEKALVVGL CKISGH DAL
SLSDKDKAVVKALWAKICSRADEI
SLSDKDKAAVKCLWAKISPKADDI
TLSDKDKSTVKALWCKISKSADAT
SLTARDKSVVNAFWCKIKGCKADVV
SLTAKDKSVVKAFWCKISGCKADVV
SLTAKDKSLITCFWOKISSKADDL
VLSSONKKAIEELCNLIKANAEAW
RFSODDEVLIKEAWC-LLHOIPNAGCEALAR-- FS YPCTKSYFPHFCDESA

AEALER--LFLSFPTTKTYFSH -DLSK
AEALER--LFOAFPTTKTYFSHF-DLSH
AEALER-- F AYPOTKIYFPHF-D SH
AEALER-- F AYPOTKIYFPHF-DLSH
SETLTR-- FAAHPTTKTYFPHF-DLSS
SEALOR-- FLAYPOTKTYFPHF-DLHP
[EALOR-- FVTYPOTKTYFPHF-DLHP
EALER-- FITYPOTKTYFPHF-DLHV
AEALER-- FITYPOTKTYFPHF-DLHP
AEALTR-- FTTYPOTKTYFPHF-DLSP

SEALTR--LFLSF KTYFPHF-DLTP
EALDR--LFASFCOTRTYFSHF-DLSP

AEALCR-- LTVYPOTKTYFSHWSDLSP
AEALCR-- LTVYPOTKTYFAHWADLSP
ADALCR-- LAVYPOTKTYFSHWPD SP
AEALCR-- LTAYPOTKTYFSHWADLSP
AEALCRDK LTAYPOTKTYFSHWADLSP
AEALSR-- IVVFPATKVYFSHWPDLCP

ADALAR--LFELHPOTKTYFSKFSCFEA

KKk .
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DNAQIKA
DSAQVK
SAQIK
SAQVKA
SAQVKA
SAQOVKA
SAQVKA
SAQVKA
SAQVKA
SAQVKA
SAQVKA
SAQVOA
SAQOVKA
SAQIKT
SAZVK
SAZVK
SDOVK
SDOVNK
SAQVK
SAQVK
SAOVK
SAOVK
SSOVKA
SDOVKA
SAQVKA
SAQVKA
SAQVKA
SAQVKA
SAQVQA
SAQVKA
SAQVKA
SAQVK
SAQVKA
SAQOIKT
SAQIOQA
SAQVKA
SAQIKA
ISAQIRA
SAQIRA
SPNLKA
SEOVR
SEOVRS
SEOVR
SEQIR
SDOVR
SADLNT
SADVKR
SCGPVKK
SCPVKK
SCPVKA
SAPVKK
SGPVKK
SPSVKK
NEOVKK
NNEKVKH



Iguana
Monitor lizard
Whale
Dolphin
Seal

Walrus

Dog

Fox

Giant panda
Sun bear
Cat

Lynx
Leopard
Palm civet
Lemur
Gorilla
Chimpanzee
Mandrill
Baboon
Green monkey
Yak

Cow

Goat
Hippopotamus
Pig

Horse

Zebra

White rhinoceros
Indian rhinoceros
Tapir

Camel

Llama

Mouse

Rat

Possum
Kangaroo
Echidna
Platypus
Alligator
Crocodile
Snake

Duck

Goose

Rhea
Ostrich
Chicken
Bullfrog
Newt
Goldfish
Common carp
Tuna

Salmon
Trout

Eel
Stingray
Lungfish
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KKVVDALTOAVNNLDDIPDALAKLADLHAEKLRVDPVNEGCLLGCH

KKVANALNOAVAHLDDIK

TLSKLSELHAOOLRVDPVNFCFLRH

KKVADALTKAVCH DNLLDALSDLSDLHAHKLRVDPANFKLLSH
KKVADALTKAVCHIDNLPDALSELSDLHAHKLRVDPVNEFKLLSH

KKVADALTTAVAH DDLP
KKVADALTTAVAHIDDLP
KKVADALTTAVAHLDDLP
KKVADALTTAVAHLDDLP
KKVADALTTAVCHLDDLP
KKVADALTTAACHLDDLP

ALSALSDLHAYKLRVDPVNFKLLSH
ALSALSDLHAYKLRVDPVNFKLLSH
ALSALSDLHAYKLRVDPVNFKLLSH
ALSALSDLHAYKLRVDPVNFKLLSH
ALSALSDLHAHKLRVDPVNFKLLSH
ALSALSDLHAHKLRVDPVNFKFLSH

OKVADALTOAVAH DDLPTA SALSDLHAYKLRVDPVNFKFLSH

OKVADALTOAVAHIDDLP
OKVADALTKAVAHINDLP
KKVADALTLAVCHLEDLP
KKVADALTNAVNHIDD P
KKVAKALTBAVZHLDD P
KKVAKALSBAVZHLDD P
KKVADALTLAVCHVDD

KKVADALTLAVGHVDD  PC

KKVADALTLAVGHVDD
AKVAAALTKAVCHLDDLP
AKVAAALTKAVEHLDDLP
EKVAAALTKAVCHLDDLP
KKVADALTKAVCHLDDLP
OKVADALTKAVCHLDDLP
KKVCDALTLAVGCHLDDLP
KKVCDALTLAVCHLDDLP
KKVCDALTOAVCHLDDLP
KKVCDALTOAVCHLDDLP
KKVCDALTOAVCHLDDLP
KKV
KKV
KKVADALASAACHLDDLP
KKVADALAKAADHVEDLP

KKIADALGCOAVEHIDDLP

NALSALSDLHAYKLRVDPVNFKFLSH
NALSDLSDLHAYKLRVDPVNFKFLSH
NALSALSDLHAYKLRVDPVNFKLLSH

ALSALSDLHAHKLRVDPVNFKLLSH

NALSALSBLHAHKLRVBPVBFKLLINH
NALSALSBLHAHKLRVBPVBFKLLINH
POALSKLSDLHAHKLRVDPVNFKLLSH

JALSKLSDLHAHKLRVDPVNFKLLSH

PHALSALSDLHAHKLRVDPVNEFKLLSH

ILVTIAAHNHGPL
LEVSIAAHLHDHL
LLVTLALHLPAEF
LLVTLALHLPADF
LLVTLA HHPAEF
LLVTLA HHPAEF
LLVTLA HHPTEF
LLVTLA HHPNEF
LLVTLASHHPAEF
LLVTLASHHPAEF
LLVTLA HHPAEF
LLVTLA HHPAEF
LLVTLA HHPEEF
LLVTLA HHPAEF
LLVTLASHHPAEF
LLVTLAABFPSZF
LLVTLAABFPSZF
LLVTLAAHLPAEF
LLVTLAAHLPAEF
LLVTLAAHLPAEF

ALSELSDLHAHKLRVDPVNFKLLSHSLLVTLASHLPSDF
ALSELSDLHAHKLRVDPVNFKLLSHSLLVTLASHLPSDF
TLSDLSDLHAHKLRVDPVNFKLLSHSLLVTLA HLPNDF

ALSDLSDLHAHKLRVDPVNFKLLSH
ALSALSDLHAHKLRVDPVNFKLLSH
ALSNLSDLHAHKLRVDPVNFKLLSH
ALSNLSDLHAHKLRVDPVNFKLLSH
ALSALSDLHAYKLRVDPVNFKLLSH
ALSALSDLHAYKLRVDPVNFKLLSH
ALSALSDLHAYKLRVDPVNFKLLSH

DALTKAADHLDDLPSALSALSDLHAHKLRVDPVNFKLLSH
DALTKAADHLDDLPSALSALSDLHAHKLRVDPVNFKLLSH

ALSALSDLHAHKLRVDPVNFKLLSH
ALSTLSDLHAHKLRVDPVNFKFLSH

TLSKLSDLHAHKLRVDPVNFKLLSH

KRVADALTTAACHFND DSALSALSDLHAHKLRVDPVNEFKLLAH
KKVADALSTAACHFDD DSALSALSDLHAHKLRVDPVNEFKLLAH

KKVFSALHEAVNHIDDLP
KKVFAALHEAVNHIDDLP

AL RLSELHAHSLRVDPVNFKFLAH
AL RLSELHAHSLRVDPVNFKFLAO

KKVIDALDNAVECLDDAVATLSKLSDLHAOKLRVDPANEFKILSO

KKVAAALGCNAVKSLDNLS
KKVAAALCNAVKSLDNIS
KKVVNALSNAVKNLDNLS

OALSELSNLHAYNLRVDPVNFKLLAO

OALSELSNLHAYNLRVDPANFKLLSO
OALAELSNLHAYNLRVDPVNFKLLSO

KKVANALCGNAVKSLDNLSOALSELSNLHAYNLRVDPVNEKLLSO
KKVLCALCGNAVKNVDNLSOA AELSNLHAYNLRVDPVNEKLLSO

KIINALAGAANHLDDLA
KVLSAIGEAAKHIDS

DOALSKLSDLHAYNLRVDP

NLSSLSDLHAYNLRVDP
NFOLLSH

LLVTLAAHHPSDF
LLVTLAAHHPDDF
LLSTLAVHLPNDF
LLSTLAVHLPNDF
LLVTLALHHPODF
LLVTLALHNPODF
LLVTLALHHPDDF
LLVTVAAHHPCDFE
LLVTVAAHHPCDFE
LLVTLASHHPADF
LLVTLA HHPCDF

OKIADAVCLAVAHLDD PTALSSLSDLHAHELKVDPVNFKFL HNVLVT AAHLGKDFE

LLVTFAAHLGDAF
FLVVLARHHPAEF
ILVVLARH PCEF
VLVVFAIHHPSAL
VLVVVAIHHPGSL
LLSTLANHRNPEF
FOVVLAAHLCKDY
FOVVLAVHLCKDY
FOVVLAVHLCKEY
FOVVLAVH CKDY
IOVVLAVH CKDY

NFPLLAHITIOVVLATHFPCDFE

JAVLAAHFPADF

KTI CAVGCDAVSKIDDLVCALSALSELHAFKLRIDPANFKILAHNVIVVIG LEPCDFE
KVI CAVCDAVSKIDDLVCCLAALSELHAFKLRVDPANFKILAHNVIVVIG LYPCDF
KKV VALAVTKIDDLTTCLCDLSELHAFK RVDPSNFKILSH ILVVVAK FPKEF
VI GAIGNAVGL DDLV SGCLSDLHAFKLRVDPGNFKILSHNILVTLAIHFPADE
IT GAIGKAVGL DDLV! SALSDLHAFKLRVDPGNFKILSHNILVTLAIHFPSDE
KVI AAVCDAVCK NDLVCALSALSDLHAFK RIDPGNEFKTLSHNILVA AVNEFPVDFE

KRV NALADATHHLDNLHLHLEDLARKHCENLLVDPHNEFHLFAD IVVTLAVNLOA-F

KKVVDAT

OCVOHLHDLSS LHTLSEKHAREL VDP

e ke K ek k.
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Iguana
Monitor lizard
Whale
Dolphin

Seal

Walrus

Dog

Fox

Giant panda
Sun bear

Cat

Lynx

Leopard

Palm civet
Lemur
Gorilla
Chimpanzee
Mandrill
Baboon

Green monkey
Yak

Cow

Goat
Hippopotamus
Pig

Horse

Zebra

White rhinoceros

Indian rhinoceros

Tapir
Camel
Llama
Mouse

Rat
Possum
Kangaroo
Echidna
Platypus
Alligator
Crocodile
Snake
Duck
Goose
Rhea
Ostrich
Chicken
Bullfrog
Newt
Goldfish
Common carp
Tuna
Salmon
Trout

Eel
Stingray
Lungfish

KADVALS DKFLTKVAKTLVAHYR
KASVIVSLDKFLEEV KDLVSKYR
TPSVHASLDKFLASVSTVLTSKYR
TPSVHASLDKFLASVSTVLTSKYR
TPAVHASLDKFFSAVSTVLTSKYR
TPAVHASLDKFFSTVSTVLTSKYR
TPAVHASLDKFFAAVSTVLTSKYR
TPAVHASLDKFFTAVSTVLTSKYR
TPAVHASLDKFFSAVSTVLTSKYR
TPAVHASLDKFFSAVSTVLTSKYR
TPAVHASLDKFFSAVSTVLTSKYR
TPAVHASLDKFFSAVSTVLTSKYR
TPAVHASLDKFFSAVSTVLTSKYR
TPAVHSALDKFFSAVSTVLTSKYR
TPAVHASLDKFFAAVSTVLTSKYR
TPAVHASVDKFLASVSTVLTSKYR
TPAVHASVDKFLASVSTVLTSKYR
TPAVHASLDKFLASVSTVLTSKYR
TPAVHASLDKFLASVSTVLTSKYR
TPAVHASLDKFLASVSTVLTSKYR
TPAVHASLDKFLANVSTVLTSKYR
TPAVHASLDKFLANVSTVLTSKYR
TPAVHASLDKFLANVSTVLTSKYR
TPAAHASLDKFLANVSTVLTSKYR
NPSVHASLDKFLANVSTVLTSKYR
TPAVHASLDKFLSSVSTVLTSKYR
TPAVHASLDKFLSTVSTVLTSKYR
TPAVHASLDKFLSNVSTVLTSKYR
TPAVHASLDKFLSNVSTVLTSKYR
TPAIHASLDKFLSNVSTVLTSKYR
TPSVHASLDKFLANVSTVLTSKYR
TPAVDASLDKFLANVSTVLTSKYR
TPAVHASLDKFLASVSTVLTSKYR
TPA HASLDKFLASVSTVLTSKYR
TPEIHAS DKFLASVSTVLTSKYR
TPEVHASLDKFLAAVSTVLTSKYR
TPSAHAA DKFLSRVATVLTSKYR
TPSAHAA DKFLSKVATVLTSKYR
SPEIHASLDKFL AVSAVLTSKYR
TPEVHASLDKFL AVSSVLTSKYR

PAVLASVDKFL NVSEVLESKYR
SPE HAAFDKF SAVAAVLAEKYR
TPE HAAFDKFLSAVAAVLAEKYR
TPEVHAAYDKFLSAVASVLAEKYR
TPEVHAAYDKFLTAVAAVLAEKYR
TPEVHAAFDKFLSAVSAVLAEKYR
TAEVOAAWDKFLALVSAVLTSKYR
TPO OAAWDKFLAAVSAVLTSKYR
TPEVH SVDKFFONLALALSEKYR
PPEVH SVDKFFONLALALSEKYR
TPDAHVSLDKFLASVALALAERYR
TPEVHIAVDKFLAALSAALADKYR
TPEVHIAVDKFLAAVSAALADKYR
TAEVHVA DKFLAALCAALSDKYR
TPVTH AVDKFLELVAYELSS YR
TPEIN AAEK LCOIVHVLISLYR

. ok . . * * *
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Hemoglobin S

Eel
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Sun bear
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Green monkey
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Pig
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White rhinoceros
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Duck
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VEWTEDERTAIKSKWLKINIEEI
VDWTDAERSAIVCLWGKISVDEIL
VEWTDAERSAIICLWGCKLNPDEL
VEWTDAERSAITALWGKLNPDEL
VEWTOOERSITIACFIANLNYEDI
VEWTDAEKSTISAVWGKVNIDEI
VHLTAEEKSLVSGCLWCKVNVDEV
VHLTAEEKSLVTCLWGKVNVDEV
VHLTGEEKAAVTCLWSKVNVDEV
VHLTADEKAAVTALWGCKVNVDEV
VHLTCEEKSAVTALWGKVNVDEV
VHLTCEEKSLVTCLWGKVNVDEV
VHLTPEEKSAVTALWGKVNVDEV
VHLTPEEKSAVTALWGKVNVDEV
VHLTPEEKTAVTTLWCKVNVDEV
VHLTPEEKTAVTTLWCKVNVDEV
VHLTPEEKNAVTALWCKVNVDEV
TFLTPEENCHVTSLWCKVNVEKV
FLTAEEKCLVNGLWGKVNVDEV
FLTAEEKCLVNGLWCKVNVDEV
SFLSAEEKNLVSCLWGKVNVDEV
FLTAEEKCLVNGLWGCKVNVDEV
VHLTDAEKAAVNGLWCKVNPDDV
VHLSAEEKEAVLCLWGKVNVDEV
VHLTAEEKDAVLCLWCKVNVOEV
- LTAEEKAAVTAFWGKVKVDEV
- LTAEEKAAVTCEFWGKVKVDEV
- LSAEEKAAVTSLFAKVKVDEV
VHLSCDEKNAVHCLWSKVKVDEV
VNLSGDEKNAVHCLWSKVKVDEV
VELTCEEKAAVLALWDKVDEDKV
VELTAEEKAAVLALWDKVKEDEV
VDLTAEEKAAVLALWCKVNEDEV
VOLSCEEKAAVLALWDKVNEEEV
VOLSCEEKAAVLALWDKVNEEEV
VHLTCEEKSCLTALWAKVNVEE L
VHLTCEEKSAVTALWGCKVNVEEV
VHLSGCEKSAVTNLWGKVNINEL
VHLSGSEKTAVTNLWCHVNVNEL
VHLTAEEKNAITSLWCKVAIEOT
VHLTSEEKN ITTIWSKVOVDOT
VHWTAEEKOLITOVWCKIDVAOTI
VHWTAEEKOLI SLWGKIDVGLI
VHWSAEEKOLITSLWAKVDVPEV
VOWTAEEKOLITGCLWCKVNVAD
VHWTAEEKOLITGCLWCKVNVAD
VHWTAEEKOLITGCLWCKVNVAE
VOWSAEEKOLISGCLWCKVINVAD
VHWTAEEKOLITGCLWCKVNVAD
VHFTAEEKAAITSIWDKVDLEKV
SDVSAFLAKVDKRAV
ASFDAHERKFIVDLWAKVDVAO
ASFDPHEKOLIGDLWHKVDVAH

VKLSEDOEHYIKCVWKDVDHKOITAKALERVEVVYPWTTRLESKLO
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POA RRLLIV PWTORHFANFCNLSTAAAI

POALARLLIVSPWTORHFSTF
POALAR LIVYPWTORYFATF
PEALAR LIVYPWTORFFASY
PKALAR LIVYPWTORYFCAY
PLALARVLIVYPWTORYFCSE

EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
AEAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL
EAL

RLLIVYPWTORFFDSF
RLLIVYPWTORFFDSF
RLLVVYPWTORFFDSF
RLLVVYPWTORFFDSF
RLLVVYPWTORFFEFDSF
RLLVVYPWTORFFDSF
RLLVVYPWTORFFESF
RLLVVYPWTORFFESF
RLLVVYPWTORFFESF
RLLVVYPWTORFFDSF
RLLVVYPWTORFFDSF
RLLVVYPWTORFFESF
RLLVVYPWTORFFESF
RLLVVYPWTORFFOSF
RLLVVYPWTORFFOSF
RLLVVYPWTORFFOSF
RLLVVYPWTORYFDSF
RLLVVYPWTORFFESF
RLLVVYPWTORFFESF
RLLVVYPWTORFFESF
RLLVVYPWTORFFEHF
RLLVVYPWTORFFESF
RLLVVYPWTRRFFESF
RLLVVYPWTRRFFESF
RLLVVYPWTORFFDSF
RLLVVYPWTORFFDSF
RLLVVYPWTORFFDSF
RLLVVYPWTORFFEDSF
RLLVVYPWTORFFEFDSF
RLLVVYPWTORFFEHF
RLLVVYPWTORFFESF
RLLVVYPWTORFFEAF
RLLVVYPWTORFFESF
RLLIVYPWTSREFFDHF
R LVVYPWTTREFFCSFE

ETLA LLVVYPWTORFFPDF

ETLACLLVIYPWTO

AATL

OFSHF
KV YPWTORFFAHF

AEALARLLIVYPWTORFFASFE
AEALARLLIVYPWTORFFSSFE
AEALARLLIVYPWTORFFASFE
AEALARLLIVYPWTORFFASFE
AEALARLLIVYPWTORFFASFE

ETL

RLLIVYPWTORFFDKF

EALARLLIVYPWTORYFSTF
ADALSR LIVYPWKRRYFEHF
EALSR LIVYPWKRRYFENF
~TFTNDESOHIHDV CKIPVDOVCAEALCRLILVNPWTRRYFKSF
VHWEDAEKOYIVSVESKIDVDHVCANTLERVLIVEPWTKRYFENSE

*  x

* %

DKV
ILSTPAATI [PAV
NLSSPAAI PKV
NLSSPAAI PKV
DLSTPDAIKCNAKI
NVSTPAATI [PKV
DLSTPDAV SNAKV
DLSTPDAV 'CNAKV
DLSTPDAV NNPKV
DLSSPDAV [PKV
DLSSADAI [PKV
DLSSADATI NNPKV
DLSTPDAV CNPKV
DLSTPDAV [PKV
DLSSPDAV [PKV
DLSSPDAV 'CNPKV
DLSSPAAV IPKV
DLSSPDAI [PKV
DLSSADAI 'SNAKV
DLSSADATI ISKV
DLSSADATI 'SNAKV
DLSSADAI 'HNSKV
DLSSASAI [PKV
DLSNADAV 'CNPKV
DLSSADAV NNPKV
DLSSADAV [PKV
DLSSADAV 'NNAKV
DLSSADAILCNPKV
DLSTADAV NNPKV
DLSTADAV NNPKV
DLSTAAAV PKV
DLSTPAAV AKV
DLSTPAAVLGNAKRKV
DLSNPAAV GNPKV
DLSNPGAV [PKV

DLSTADAV KNPKV
DLSTADAV KNPNV

DLSSAGAV CNPKV
DLSSADAV [AKV
DLSNAKAV [PKV
DLSSPGAV SNSKV
NLSNAAAI ARV
ILSSPTATIAGNPRV
NLSGPSAL POV

NLSSPTAILGNP 'V
NLSSPTAILCNP 'V
NLSSPTAILCNP 'V
NLSSPTAILCNP 'V
NLSSPTAILGNP 'V
NLSSAQAI 'GNPRI
ILGSADAISHNSKV
K NAHDILHNSKV
DISNAQATI 'HNEKV
DLSSAEATIOHNPKV
DLSSPCATKHNNKV
LESANDIC—===V



Eel

Salmon
Goldfish
Common carp
Tuna

Trout

Dog

Fox

Giant panda
Walrus

Seal

Sun bear
Chimpanzee
Gorilla
Green monkey
Mandrill
Baboon
Lemur

Cat

Lynx
Leopard
Palm civet
Rat

Pig
Hippopotamus
Yak

Goat

Cow

Camel

Llama

Tapir

White rhinoceros
Indian rhinoceros

Zebra
Horse
Whale
Dolphin
Platypus
Echidna
Kangaroo
Possum
Iguana
Monitor lizard
Snake
Rhea
Goose
Chicken
Ostrich
Duck
Mouse
Bullfrog
Alligator
Crocodile
Newt
Lungfish
Stingray

AKH
AKH
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TTV LDRAION DDIKNAYROLSV HSEKLHVDPDNFRLLAEHITL = AAKFCP
KTV HCLDRAVONLDDIKNAYTALSV HSEKLHVDPDNFRLLAD ITV VAAKLGP
RTV LERAIKN DNIKATYAPLSV HSEKLHVDPDNFRLLAD ITV AA KFGP
RTVECCL RAIKD DNIKATYAPLSV HSEKLHVDPDNFRLLAD ITV AA KFCP
VKVLHCLDRAVKN DNINEAYSELSVLHSDKLHVDPDNFRILCD LTVVIAANLC-
KvVv CALDKAVKN GCNILATYKSLSETHANKLEVDPDNFRVLADVLTIVIAAKFCG-
KKVLNSFSDCLKNLDNLKCTFAKLSELH DKLHVDPENFKLLCNVLV VLAHHFC -
KKVLNSEFSDCLKNLDNLKCTFAKLSELH DKLHVDPENFKLLCNVLV VLAHHFC-
KKVLNSFSECLKNLDNLKCTFAKLSELH DKLHVDPENFKLLCNVLV VLAHHFC-
KKVLNSEFSDGLKNLDNLKGCTFAKLSELH DKLHVDPENFKLLGNVLV. VLAHHFG-
KKVLNSFSDGLKNLDNLKGCTFAKLSELH DKLHVDPENFKLLONVLV VLAHHFG-
KKVLNSFSDOLKNLDNLKCTFAKLSELH DKLHVDPENFKLLCNVLV VLAHHEFC-
KKVLCAFSDOLAHLDNLKCTFATLSELH DKLHVDPENFRLLCNVLV VLAHHFC-
KKVLCAFSDCLAHLDNLKCTFATLSELH DKLHVDPENFKLLCNVLV VLAHHFC-
KKVLCAFSDCLAHLDNLKCTFAOLSELH DKLHVDPENFKLLCNVLV VLAHHFC-
KKVLCAFSDCLNHLDNLKCTFAOLSELH DKLHVDPENFKLLCNVLV VLAHHFC-
KKVLCAFSDOCLNHLDNLKCTFAOLSELH DKLHVDPENFKLLCNVLV. VLAHHFC-
KKVLSAFSEGCLHHLDNLKGCTFAOLSELH VALHVDPENFKLLGONVLVIVLAHHFG-
KKVLNSFSDGLKNIDDLKCAFAKLSELH DKLHVDPENFRLLONVLV VLAHHFG-
KKVLNSFSDOLKNIDDLKCAFAKLSELH DKLHVDPENFRLLCNVLV VLAHHFC-
KKVLNSFSDOLKNIDDLKCAFAKLSELH DKLHVDPENFRLLCNVLV VLAHHEC-
KKVLNSFSDCLKHVDDLKCTFAKLSELH DKLHVDPENFKLLCNVLV VLAHHFC-
KKVINAFNDGCLKHLDNLKCTFAHLSELH DKLHVDPENFRLLCN IVIVLGHHLC-
KKVLOSFSDGCLKHLDNLKGCTFAKLSELH DOLHVDPENFRLLONVIVVVLARRLG-
KKVLDSFADCLKHLDNLKCTFAALSELH DOLHVDPENFRLLCNELVVVLARTFEC-
KKVLDSFSNG KHLDDLKCTFAALSELH DKLHVDPENFKLLCNVLVVVLARHEC-
KKVLDSFSNG KHLDDLKGCTFAOLSELH DKLHVDPENFKLLONVLVVVLARHHG-
KKVLDSF EGCLKOLDDLKCAFASLSELH DKLHVDPENFRLLONVLVVVLARREG-
SKVLNSFCDCLNHLDNLKCTYAKLSELH DKLHVDPENFRLLCNVLVVVLARHEC-
SKVLNSFCDCLSHLDNLKCTYAKLSELH DKLHVDPENFRLLCNVLVVVLARHEC-
KKVLHSFCDGVHHLDDLKVTFAOLSELH DKLHVDPENFRLLCONVLVVVLAOOFC—
KKVLHSFCDGVHHLDNLKGCTFAALSELH DKLHVDPENFRLLONVLVVVLAKHEG-
KKVLHSFCDCOVHNLDNLKCTYAALSELH DKLHVDPENFRLLCONVLVVVLAOHEFC—
KKVLHSFCECVHHLDNLKCTFAOLSELH DKLHVDPENFRLLCNVLVVVLARHEC-
KKVLHSFCEGVHHLDNLKGCTFAALSELH DKLHVDPENFRLLONVLVVVLARHEG—
OKVLASFCEGCLKHLDNLKGTFATLSELH DKLHVDPENFRLLCNVLVVVLARHEG-
OKVLASFCECLKHLDDLKCTFAALSELH DKLHVDPENFRLLCNVLVVVLARHEC-
AKVLTSFCDALKNLDDLKCTFAKLSELH DKLHVDPENFNRLCNVLIVVLARHES-
AKVLTSFCDALKNLDNLKCTFAKLSELH DKLHVDPENEFNRLCONVLVVVLARHES-
AKVLVAFGCDAIKNLDNLKGCTFAKLSELH DKLHVDPENFKLLGNIIVI LAEHFG-
AKVLTSFCEAVKHLDNLKGCTYAKLSELH DKLHVDPENFK LCNIIVI LAEHFC-
KKVLTSFCDAVKNLDNIKDTFAKLSELH DKLHVDPVNEFRLLCNV ITRLAAHFC-
KKVLTSFCDAIKNLDNIKDTFAKLSELH DKLHVDPTNFKLLGONVLVIVLADHHG-
KKVLTSFCEALKHLDNVKETFAKLSELHFDKLHVDPENFKLLONVLIIVLACHHG-
KKVLTSFCDAVKNLDNIKNTFAOLSELH DKLHVDPENFRLLCDILIIVLAAHFA-
KKVLTSFCDAVKNLDNIKNTFAOLSELH DKLHVDPENFRLLCDILIIVLAAHFA-
KKVLTSFCDAVKNLDNIKNTFSOLSELH DKLHVDPENFRLLCDILIIVLAAHFS-
KKVLTSFGDAVKNLDNIKNTFAOLSELH DKLHVDPENFRLLGDILIIVLAAHET-
KKVLTSFCDAVKNLDNIKNTFAOLSELH DKLHVDPENFRLLCDILIIVLAAHFP-
KKVLTSLCLAVKN DNLKETFAHLSELH DKLHVDPENFKLLCN LVIVLSSYFC-
ORVLDSIEECLKHPZBLKAYYAKLSERHSCELHVDPANFYRLCNVLITV ARHFH-
KKVLASFCEAVKHLDNIKCHFANLSKLH EKFHVDPENFKLLCDIIIIVLAAHHP-
KKVLASFCEAV HLDGIRAHFANLSKLH EKLHVDPENFKLLCDIIIIVLAAHYP-
AKV HSIAEAVKHLDDLKAYYADLSTIH KKLYVDPANFKLEFCGIVSIVTG HLC-

RKVLAAIIE TRHF

NIKCHLANLSHLHSEKLHVDPHNEFRVL

OOHADKVORALGEAIDDLKKVEINFONLSCKH-OEIGCVDTONFKLL
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TEFTADVOEAWOKFL AVTSALAROYH
TVFSADIOEAFOKFLAVVVSALCROYH
SCEFNADVOEAWOKFLSVVVSAL ROYH
SCFSPNVOEAWOKFLSVVVNALKROYH
DAFTVETO AFOKFLAVVVFALGRKYH

ASFTPEIOATWOKFE KVVVAA CSRYF

KEFTPOVOAAYOKVVA
KEFTPOVOAAYOKVVA
KEFTPOVOAAYOKVVA
KEFTPOVOAAYOKVVA
KEFTPOVOAAYOKVVA
KEFTPOVOAAYOKVVA
KEFTPPVOAAYOKVVA
KEFTPPVOAAYOKVVA
KEFTPOVOAAYOKVVA
KEFTPOVOAAYOKVVA
KEFTPOVOAAYOKVVA
IDFSPOTOAAFOKVVT
HDFNPOVOAAFOKVVA
HEFNPOVOAAFOKVVA
HEFNPOVOAAFOKVVA
KEFTPOVOAAYOKVVA
KEFTP AOAAFOKVVA
HDFNPNVOAAFOKVVA
KEFTPELOAAYOKVVA
KEFTPVLOADFOKVVV
SEFTPLLOAEFOKVVA
SEFSPELOASFOKVVT
KEFTPDLOAAYOKVVA
KEFTPDLOAAYOKVVA
KAFTPELOAAYOKVVA
KOFTPELOAAYOKVVA
DEFTPELOAAYOKVVA
KDFTPELOASYOKVVA
KDFTPELOASYOKVVA
KEFTPELOTAYOKVVA
KEFTPELOSAYOKVVA
KDFSPEVOAAWOKLVS
KEFTPEAOAAWOKLVS
KEFTIDTOVAWOKLVA
KDFTPE OVAWOKLVA

VANALAHKYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VASALAHRYH
VASALAHRYH
VASALAHKYH
VANALAHKYH
VANALAHRYH
VANALAHRYH
VANALAHRYH
VANALAHRYH
VANALAHRYH
VANALAHRYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VANALAHKYH
VATALAHKYH
VAHALGHKYH
VSHALAHKYH
VANALAHKYH
VAHALAHKYH

KDFTPA HAAFOKLTCAVAHALARRYH
KEFTPAHHAAYOKLVNVVSHSLARRYH
KEFTPSTHASFOKLVNVVAHALARRYH
KDFTPE OAAWOKLVRVVAHALARKYH
KDFTPD OAAWOKLVRVVAHALARKYH
KDFTPE OAAWOKLVRVVAHALARKYH
KEFTPE OAAWOKLVRVVAHALARKYH
KEFTPE OAAWOKLVRVVAHALARKYH
KEFTAEAOAAWOKLVVGVATALSHKYH
EEFTPELO ALHSSF AVCEALAKGCYH
EDFSVE HAAFOKLVROVAAALAAEYH
KDFCLE HAAYOKLVROVAAALAAEYH
TDYTAOKOAAFEKFLHHVEAALATCYH
KEFTPERNAYFOKF DVISHSLCREYH
KTFRPKEHAAAYKFFRLVAEALSSNYH

* .
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Appendix B. Values

Cytochrome b

Note: 114 constant characters and 59 characters where R/ = oo not shown.

Site PDB Pos Min Changes Max True Tree Bad Tree Good RI Bad RI RI Difference
Changes Changes Changes

5 2 8 18 14 12 0.4 0.6 -0.2
6 3 10 19 13 13 0.667 0.667 0
7 4 5 15 8 8 0.7 0.7 0
8 5 3 18 11 12 0.467 0.4 0.067
11 8 6 23 15 16 0.471 0.412 0.059
12 9 1 4 2 2 0.667 0.667 0
14 11 1 4 3 3 0.333 0.333 0
15 12 6 33 17 18 0.593 0.556 0.037
16 13 2 3 3 0.5 0.5 0
17 14 3 7 6 6 0.25 0.25 0
18 15 6 21 14 13 0.467 0.533 -0.066
19 16 1 2 1 1 1 1 0
20 17 5 29 12 13 0.708 0.667 0.041
21 18 3 19 6 6 0.812 0.812 0
22 19 2 19 7 7 0.706 0.706 0
23 20 1 13 6 7 0.583 0.5 0.083
27 24 4 27 18 20 0.391 0.304 0.087
33 30 5 26 15 14 0.524 0.571 -0.047
42 39 2 3 3 3 0 0 0
43 40 6 26 15 16 0.55 0.5 0.05
46 43 6 13 11 11 0.286 0.286 0
47 44 6 27 17 16 0.476 0.524 -0.048
50 47 2 11 10 10 0.111 0.111 0
53 50 3 4 3 3 1 1 0
54 51 2 4 2 2 1 1 0
60 57 3 6 6 6 0 0 0
61 58 2 26 10 10 0.667 0.667 0
62 59 2 3 3 3 0 0 0
63 60 4 19 7 7 0.8 0.8 0
64 61 6 29 18 17 0.478 0.522 -0.044
65 62 3 16 9 9 0.538 0.538 0
70 67 2 4 4 4 0 0 0
71 68 7 28 12 13 0.762 0.714 0.048
73 70 2 5 3 4 0.667 0.333 0.334
74 71 4 9 6 6 0.6 0.6 0
76 73 2 3 2 2 1 1 0
78 75 3 8 3 3 1 1 0
79 76 2 4 4 4 0 0 0
82 79 5 20 8 8 0.8 0.8 0
83 80 2 9 5 4 0.571 0.714 -0.143
85 82 5 24 7 8 0.895 0.842 0.053
86 83 5 22 14 14 0.471 0.471 0
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0.273

0.333
0.579
0.826

0.64
0.833
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0.75
0.545
0.333
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0.6

0.81
0.571
0.5
0.5

0.857

0.4
0.571

0.6
0.824
0.333
0.429

0.5
0.238
0.333

0.5
0.682
0.308
0.556

0.6

0.778
0.632
0.579
0.773

0.125

0.2
0.857
0.714
0.524

0.429
0.538
0.273

0.667
0.579
0.826

0.6
0.667
0.714

0.75
0.545
0.417
0.538

0.65

0.81
0.571
0.5
0.5

0.857
0.4
0.429
0.6
0.882
0.333
0.429
0.5
0.238
0.333
0.4
0.727
0.308
0.5
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o O O o

0.1
-0.045
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261
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273
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0.667

0.5
0.333

0.609
0.625
0.706
0.333
0.333
0.519

0.25

0.75

0.842
0.75
0.632
0.722
0.6
0.636
0.5
0.467
0.5
0.409
0.286
0.385
0.739
0.417

0.773

0.333
0.375

0.5
0.333

0.667

0.905
0.833

0.6
0.25
0.8
0.667
0.75
0.5
0.565
0.5
0.75

0.667

0.5
0.333

0.565
0.562
0.647

0.467
0.556
0.25
0.75

0.842
0.625
0.632
0.667

0.4
0.591

0.4
0.533
0.438
0.455
0.357
0.385
0.696
0.417

0.682

0.333
0.438

0.5
0.333

0.667

0.857
0.75

0.6
0.5
0.6
0.667
0.5
0.5
0.609
0.5
0.75
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333
334
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337
338
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345
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351
352
353
354
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358
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360
361
364
365
366
367
368
369
370
372
373
374
375

301
303
304
305
307
308
309
310
311
313
314
315
316
317
319
321
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324
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326
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329
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333
334
335
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341
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17
10
21
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27

23
22
32
26
24

26
14
19
25
25
23
35
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15
16

0.286
0.667
0.421
0.455
0.364

0.75
0.385
0.375
0.684

0.357
0.733
0.64
0.333
0.667
0.375
0.5
0.1

0.5
0.4
0.545
0.739
0.5
0.571

0.467

0.4
0.286
0.353
0.429
0.571

0.471
0.2
0.385
0.5
0.85
0.4
0.409
0.5
0.429
0.316
0.389
0.4
0.72

0.286
0.667
0.526
0.455
0.455

0.75
0.385
0.5
0.737

0.286
0.733

0.64
0.444
0.667
0.458

0.3
0.25
0.357
0.5
0.545
0.739
0.5
0.571

0.4
0.4
0.286
0.412
0.429
0.571

0.471
0.2
0.346
0.5
0.85
0.2
0.455
0.5
0.429
0.316
0.389
0.4
0.76

-0.105

-0.091

-0.25
0.143
-0.1
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0.067

-0.059
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0.039

0.2
-0.046
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-0.04
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28

15
25

18
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14

15
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0.667

0.667
0.636
0.476
0.667

0.6

0.667

0.667
0.545
0.476
0.667

0.6
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Rhodopsin

Note: 175 constant characters and 43 characters where RI = oo not shown.

Site PDB Pos Min Changes Max True Tree Bad Tree Good RI Bad RI RI Difference
Changes Changes Changes

7 7 4 10 6 7 0.667 0.5 0.167

8 8 3 7 4 4 0.75 0.75 0
11 1" 1 5 5 5 0 0 0
13 13 1 12 5 4 0.636 0.727 -0.091
16 16 5 8 6 6 0.667 0.667 0
19 19 2 5 4 4 0.333 0.333 0
20 20 2 3 2 2 1 1 0
22 22 1 2 2 2 0 0 0
24 24 1 5 2 2 0.75 0.75 0
25 25 1 4 3 3 0.333 0.333 0
26 26 3 5 3 4 1 0.5 0.5
32 32 2 4 3 2 0.5 1 -0.5
33 33 4 6 5 5 0.5 0.5 0
36 36 3 12 6 6 0.667 0.667 0
37 37 1 10 4 4 0.667 0.667 0
38 38 2 5 3 3 0.667 0.667 0
39 39 4 17 7 7 0.769 0.769 0
46 46 2 12 3 4 0.9 0.8 0.1
49 49 3 16 5 5 0.846 0.846 0
50 50 3 9 4 5 0.833 0.667 0.166
52 52 1 2 2 2 0 0 0
54 54 1 9 5 6 0.5 0.375 0.125
57 57 1 2 1 1 1 1 0
60 60 1 5 3 3 0.5 0.5 0
63 63 1 12 3 3 0.818 0.818 0
64 64 1 4 1 1 1 1 0
70 70 2 4 2 2 1 1 0
81 81 3 6 3 3 1 1 0
82 82 1 3 2 2 0.5 0.5 0
83 83 1 9 5 4 0.5 0.625 -0.125
84 84 1 3 1 1 1 1 0
88 88 1 7 5 4 0.333 0.5 -0.167
89 89 3 5 3 3 1 1 0
92 92 1 2 2 2 0 0 0
93 93 4 6 5 5 0.5 0.5 0
95 95 2 13 5 5 0.727 0.727 0
96 96 1 3 1 1 1 1 0
97 97 1 3 3 3 0 0 0
99 99 1 1" 4 4 0.7 0.7 0
100 100 1 10 4 4 0.667 0.667 0
101 101 1 2 1 1 1 1 0
104 104 1 3 3 3 0 0 0
105 105 1 2 2 2 0 0 0
107 107 6 1" 6 6 1 1 0
108 108 5 7 6 6 0.5 0.5 0
109 109 1 2 1 1 1 1 0
111 111 2 6 3 3 0.75 0.75 0
112 112 4 13 11 11 0.222 0.222 0
123 123 3 8 7 6 0.2 0.4 -0.2
124 124 2 10 7 6 0.375 0.5 -0.125
127 127 1 3 3 3 0 0 0
133 133 2 5 4 4 0.333 0.333 0
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0.25

0.6
0.667

0.5

0.429

0.333

0.75
0.5
0.4

0.5

0.5
0.833
0.5
0.833
0.714
0.286
0.333
0.143
0.5
0.5
0.667
0.5

0.429
0.727

0.4
0.615
0.5

0.167
0.636
0.714

0.6

0.25

0.6
0.667

0.25

0.429
0.25
0.222

0.75
0.667
0.5

0.5

0.5

0.5

0.857
0.571
0.333
0.286
0.6
0.5
0.556
0.5

0.571
0.636

0.4
0.692
0.5

0.333
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0.8
0.5

0.857

0.778
0.833
0.714
0.6
0.25
0.9
0.75
0.786
0.8
0.8

0.667

0.625

0.833

0.875

0.833
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-0.222
-0.167
-0.143
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Myoglobin

Note: 31 constant characters and 27 characters where R/ = oo not shown.

Site PDB Pos Min Changes Max True Tree Bad Tree Good RI Bad RI RI Difference
Changes Changes Changes

5 5 5 10 7 7 0.6 0.6 0

6 6 1 2 1 1 1 1 0

8 8 5 8 8 7 0 0.333 -0.333

9 9 5 9 7 6 0.5 0.75 -0.25
12 12 5 13 8 6 0.625 0.875 -0.25
13 13 5 16 8 8 0.727 0.727 0
15 15 2 4 3 3 0.5 0.5 0
19 19 4 12 10 9 0.25 0.375 -0.125
21 21 5 18 11 13 0.538 0.385 0.153
22 22 5 15 10 10 0.5 0.5 0
23 23 4 5 4 4 1 1 0
26 26 4 7 4 5 1 0.667 0.333
27 27 4 9 8 8 0.2 0.2 0
29 29 1 4 3 1 0.333 1 -0.667
30 30 3 5 3 3 1 1 0
34 34 3 1" 8 5 0.375 0.75 -0.375
35 35 9 18 14 15 0.444 0.333 0.111
40 40 2 7 3 2 0.8 1 -0.2
Ly 41 2 8 5 5 0.5 0.5 0
42 42 2 8 2 2 1 1 0
44 44 3 6 4 3 0.667 1 -0.333
45 45 1 2 2 2 0 0 0
48 48 2 9 6 5 0.429 0.571 -0.142
49 49 2 4 3 3 0.5 0.5 0
50 50 2 3 2 2 1 1 0
51 51 2 15 8 6 0.538 0.692 -0.154
52 52 4 6 4 4 1 1 0
53 53 4 10 6 5 0.667 0.833 -0.166
54 54 3 6 6 6 0 0 0
55 55 2 4 2 3 1 0.5 0.5
56 56 2 5 4 4 0.333 0.333 0
57 57 4 16 7 6 0.75 0.833 -0.083
58 58 1 2 1 1 1 1 0
59 59 1 4 2 2 0.667 0.667 0
60 60 3 5 3 3 1 1 0
61 61 3 6 4 5 0.667 0.333 0.334
63 63 2 3 2 2 1 1 0
66 66 6 19 13 11 0.462 0.615 -0.153
67 67 1 2 2 2 0 0 0
70 70 2 3 2 2 1 1 0
71 71 2 3 2 2 1 1 0
74 74 8 16 10 1" 0.75 0.625 0.125
75 75 1 2 1 1 1 1 0
78 78 3 7 4 4 0.75 0.75 0
80 80 1 2 1 1 1 1 0
81 81 5 14 11 8 0.333 0.667 -0.334
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0.5

0.833
0.667

0.75
0.333
0.5

0.5
0.182

0.75

0.5
0.375
0.625

0.8
0.706
0.778
0.667

0.5

0.444

0.5
0.167

0.5

0.583
0.333

0.75
0.333
0.5

0.5
0.364

0.75

0.5
0.625
0.75

0.765
0.778
0.733

0.5

0.444

0.643
0.167

0.5

0.8

0.6

0.722
0.5

0.75
0.733
0.667

0.6

0.571

0.25
0.334

O O O O o o

-0.182

o O O O o

-0.25
-0.125

-0.055



138

Hemoglobin «

Note: 17 constant characters and 16 characters where R/ = oo not shown.

Site PDB Pos Min Changes Max True Tree Bad Tree Good RI Bad RI RI Difference
Changes Changes Changes

1 1 4 14 6 6 0.8 0.8 0
3 3 1 12 6 4 0.545 0.727 -0.182
4 4 7 34 15 14 0.704 0.741 -0.037
5 5 8 31 17 18 0.609 0.565 0.044
6 6 2 5 3 3 0.667 0.667 0
8 8 7 40 21 20 0.576 0.606 -0.03
9 9 7 22 13 12 0.6 0.667 -0.067
10 10 2 15 10 8 0.385 0.538 -0.153
11 11 9 14 12 12 0.4 0.4 0
12 12 6 26 18 17 0.4 0.45 -0.05
13 13 7 34 16 16 0.667 0.667 0
14 14 4 6 5 5 0.5 0.5 0
15 15 7 27 16 16 0.55 0.55 0
16 16 3 6 5 4 0.333 0.667 -0.334
17 17 4 32 12 11 0.714 0.75 -0.036
18 18 7 19 13 13 0.5 0.5 0
19 19 8 28 20 20 0.4 0.4 0
20 20 6 16 13 13 0.3 0.3 0
21 21 7 19 13 14 0.5 0.417 0.083
22 22 5 28 14 14 0.609 0.609 0
23 23 4 19 15 15 0.267 0.267 0
24 24 7 20 11 12 0.692 0.615 0.077
25 25 2 3 3 3 0 0 0
26 26 6 17 12 12 0.455 0.455 0
27 27 1 3 3 3 0 0 0
30 30 7 20 11 11 0.692 0.692 0
34 32 2 18 6 6 0.75 0.75 0
35 33 2 6 2 2 1 1 0
36 34 10 32 22 22 0.455 0.455 0
37 35 7 29 15 14 0.636 0.682 -0.046
38 36 2 17 5 6 0.8 0.733 0.067
40 38 5 22 7 6 0.882 0.941 -0.059
43 41 3 4 3 3 1 1 0
46 44 2 14 8 8 0.5 0.5 0
48 46 4 9 4 4 1 1 0
49 3 5 5 5 0 0 0
50 47 2 3 3 3 0 0 0
51 48 3 7 6 5 0.25 0.5 -0.25
52 49 5 10 7 6 0.6 0.8 -0.2
53 50 5 26 11 10 0.714 0.762 -0.048
54 51 3 5 5 5 0 0 0
55 52 1 3 3 2 0 0.5 -0.5
56 53 5 17 10 9 0.583 0.667 -0.084
57 54 5 10 5 5 1 1 0
58 55 2 12 9 8 0.3 0.4 -0.1
59 56 3 12 6 7 0.667 0.556 0.111
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16

24
12

11
1"

0.619
0.625
0.333
0.571
0.706
0.588
0.571
0.632
0.667
0.5
0.542
0.75
0.429

0.714
0.636
0.75
0.579
0.333
0.333
0.25
0.5

0.7

0.792
0.667

0.625

0.538
0.444
0.667
0.714
0.722
0.857
0.5
0.769
0.25

0.667
0.5
0.593
0.75
0.393
0.682
0.857
0.5

0.727
0.25

0.619
0.625
0.667
0.714
0.706
0.588
0.571
0.684
0.611
0.5
0.625
0.75
0.429

0.714
0.545
0.833
0.579
0.167
0.333
0.25
0.5

0.7

0.833
0.889

0.5

0.5
0.538
0.444
0.667
0.857
0.778

0.5
0.846
0.375

0.633
0.5
0.667
0.875
0.5
0.727
0.857
0.5
0.333
0.727
0.25
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0.8
0.714
0.6
0.833
0.708
0.615
0.333
0.5
0.923

0.818
0.889

0.8
0.786
0.6
0.917
0.667
0.692
0.667
0.5
0.846

0.727
0.889

-0.072
-0.084
0.041
-0.077
-0.334
0.077

0.091
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Hemoglobin S

Note: 15 constant characters and 24 characters where R/ = oo not shown.

Site PDB Pos Min Changes Max True Tree Bad Tree Good RI Bad RI RI Difference
Changes Changes Changes

1 1 4 7 4 4 1 1 0
2 2 9 26 13 14 0.765 0.706 0.059
3 3 2 19 5 4 0.824 0.882 -0.058
4 4 3 15 11 11 0.333 0.333 0
5 5 7 30 16 15 0.609 0.652 -0.043
6 6 6 17 11 10 0.545 0.636 -0.091
8 8 5 10 7 6 0.6 0.8 -0.2
9 9 9 41 21 21 0.625 0.625 0
10 10 9 26 14 14 0.706 0.706 0
11 11 2 23 5 3 0.857 0.952 -0.095
12 12 10 29 20 19 0.474 0.526 -0.052
13 13 6 33 21 20 0.444 0.481 -0.037
14 14 4 12 11 9 0.125 0.375 -0.25
15 15 4 5 5 5 0 0 0
16 16 6 19 16 16 0.231 0.231 0
18 18 2 9 7 5 0.286 0.571 -0.285
19 19 6 20 12 11 0.571 0.643 -0.072
20 20 7 16 11 11 0.556 0.556 0
21 21 8 24 14 15 0.625 0.562 0.063
22 22 6 19 15 14 0.308 0.385 -0.077
23 23 4 21 8 9 0.765 0.706 0.059
25 25 2 17 7 6 0.667 0.733 -0.066
26 26 6 9 8 7 0.333 0.667 -0.334
27 27 1 5 3 3 0.5 0.5 0
29 29 4 18 7 7 0.786 0.786 0
31 31 3 10 7 6 0.429 0.571 -0.142
33 33 2 20 7 6 0.722 0.778 -0.056
38 38 1 2 1 1 1 1 0
39 39 4 9 7 7 0.4 0.4 0
Y| 41 4 13 8 6 0.556 0.778 -0.222
43 43 8 38 18 19 0.667 0.633 0.034
44 44 6 16 15 15 0.1 0.1 0
45 45 2 3 3 3 0 0 0
47 47 3 17 8 7 0.643 0.714 -0.071
50 50 3 24 14 12 0.476 0.571 -0.095
51 51 1 28 12 9 0.593 0.704 -0.111
52 52 9 29 18 18 0.55 0.55 0
53 53 1 2 2 2 0 0 0
54 54 2 27 8 6 0.76 0.84 -0.08
55 55 7 16 11 11 0.556 0.556 0
56 56 4 20 14 13 0.375 0.438 -0.063
58 58 5 18 15 14 0.231 0.308 -0.077
59 59 5 10 6 6 0.8 0.8 0
60 60 1 2 2 2 0 0 0
61 61 5 20 9 9 0.733 0.733 0
62 62 4 7 6 5 0.333 0.667 -0.334
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Appendix C. Scripts

Example PAUP Script to Compute RI Values

The following script is a modified version of the PAUP scripts generated by RI Compare while
working with the Rhodopsin dataset. The modifications were only cosmetic such as spacing and
truncation of the alignment strings to save space on the page. These modifications will not affect

the intent of the example.

#NEXUS

begin taxa;
dimensions ntax=26;
taxlabels

Alligator

Chicken

Toad

Frog

Salamander

Blackmouth catshark

Spotted dogfish

Little skate

Goldfish

Common_carp

Guppy

Blind cave fish

Cow

Sheep

Whale

Dolphin

Pig

Dog

Seal

Mouse

Hamster

Rat

Rabbit

Green_anole

Japanese_lamprey

Sea lamprey

end;

Begin trees;

tree Tree =

((((Alligator,Chicken), (((Toad,Frog),Salamander), ( ((Blackmouth catshark,Spotted dogfish),Little s

kate), (((Goldfish,Common_carp),Guppy),Blind cave fish))), (((Cow,Sheep), ((Whale,Dolphin),Pig), ((Do

g,Seal), ((Mouse,Hamster),Rat))),Rabbit)),Green anole), (Japanese lamprey,Sea lamprey))

end;

begin characters;
dimensions nchar=354;
format missing=? gap=- datatype=protein;
options gapmode=missing;

matrix
Alligator MNGTEGPDFYIPFSNKTGVVRSPFEYPQYYLAEPWKYSALAAYMFMLITILGFPINFLTLYVTVQHKKLRSP
Chicken MNGTEGQDFYVPMSNKTGVVRSPFEYPQYYLAEPWKFSALAAYMFMLILLGFPVNEFLTLYVTIQHKKLRTP
Toad MNGTEGPNFEFYIPMSNKTGVVRSPFEYPQYYLAEPWQYSILCAYMFLLILLGFPINFMTLYVTIQHKKLRTP

Frog MNGTEGPNFYVPMSNKTGIVRSPFEYPQYYLAEPWKYSVLAAYMFLLILLGLPINFMTLYVTIQHKKLRTP



Salamander
Blackmouth catshark
Spotted dogfish
Little skate
Goldfish
Common_carp
Guppy

Blind cave_ fish
Cow

Sheep

Whale

Dolphin

Pig

Dog

Seal

Mouse

Hamster

Rat

Rabbit
Green_anole
Japanese_ lamprey
Sea lamprey
end;

begin paup;
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MNGTEGPNFYVPFSNKSGVVRSPFEYPQYYLAEPWQYSVLAAYMFLLILLGFPVNFLTLYVTIQHKKLRTP
MNGTEGENFYVPMSNKTGVVRNPFEYPQYYLADHWMFAVLAAYMFFLIITGFPVNFLTLEVTIQNKKLRQP
MNGTEGENEFYIPMSNKTGVVRSPFDYPQYYLAEPWKESVLAAYMFFLITAGFPVNFLTLYVTIQHKKLRQP
MNGTEGENFYVPMSNKTGVVRSPFDYPQYYLGEPWMFSALAAYMFFLILTGLPVNFLTLFVTIQHKKLRQP
MNGTEGDMFYVPMSNATGIVRSPYDYPQYYLVAPWAYACLAAYMFFLIITGFPVNFLTLYVTIEHKKLRTP
MNGTEGPMEFYVPMSNATGVVKSPYDYPQYYLVAPWAYGCLAAYMFFLIITGFPINFLTLYVTIEHKKLRTP
MNGTEGPYFYVPMVNTTGIVRSPYEYPQYYLVSPAAYACLGAYMFFLILVGFPINFLTLYVTIEHKKLRTP
MNGTEGPYFYVPMSNATGVVRSPYEYPQYYLAPPWAYACLAAYMFFLILVGFPVNFLTLYVTIEHKKLRTP
MNGTEGPNFYVPEFSNKTGVVRSPFEAPQYYLAEPWQFSMLAAYMFLLIMLGFPINFLTLYVTVQHKKLRTP
MNGTEGPNFYVPFSNKTGVVRSPFEAPQYYLAEPWQFSMLAAYMFLLIVLGFPINFLTLYVTVQHKKLRTP
MNGTEGLNFYVPFSNKTGVVRSPFEYPQYYLAEPWQFSVLAAYMFLLIVLGFPINFLTLYVTVQHKKLRTP
MNGTEGLNFYVPEFSNKTGVVRSPFEYPQYYLAEPWQFSVLAAYMFLLIVLGFPINFLTLYVTVQHKKLRTP
MNGTEGPNFYVPFSNKTGVVRSPFEYPQYYLAEPWQFSMLAAYMFMLIVLGFPINFLTLYVTVQHKKLRTP
MNGTEGPNFYVPFSNKTGVVRSPFEYPQYYLAEPWQFSMLAAYMFLLIVLGFPINFLTLYVTVQHKKLRTP
MNGTEGPNFYVPFSNKTGVVRSPFEFPQYYLAEPWQFSMLAAYMFLLIVLGFPINFLTLYVTVQHKKLRTP
MNGTEGPNFYVPEFSNVTGVGRSPFEQPQYYLAEPWQFSMLAAYMFLLIVLGFPINFLTLYVTVQHKKLRTP
MNGTEGPNFYVPEFSNATGVVRSPFEYPQYYLAEPWQFSMLAAYMFLLIVLGFPINFLTLYVTVQHKKLRTP
MNGTEGPNFYVPFSNITGVVRSPFEQPQYYLAEPWQFSMLAAYMFLLIVLGFPINFLTLYVTVQHKKLRTP
MNGTEGPDFYIPMSNQTGVVRSPFEYPQYYLAEPWQFSMLAAYMFLLIVLGFPINFLTLYVTVQHKKLRTP
MNGTEGONFYVPMSNKTGVVRNPFEYPQYYLADPWQFSALAAYMFLLILLGFPINFLTLEFVTIQHKKLRTP
MNGTEGDNFYVPEFSNKTGLARSPYEYPQYYLAEPWKYSALAAYMFFLILVGFPVNEFLTLEFVTVQHKKLRTP
MNGTEGENFYIPFSNKTGLARSPFEYPQYYLAEPWKYSVLAAYMFFLILVGFPVNFLTLEVTVQHKKLRTP

log file=ri tmp.log replace=yes start;

set criterion=parsimony;

set taxlabels=full;

describetrees / diag=yes plot=none chglist=no;

log stop;
quit;
end;
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Appendix D. Residue Properties, Codes, and Colors

Aspartic acid (D, Asp) — Acidic, acyclic, charged, medium, negative, polar, and surface
Glutamic acid (E, Glu) — Acidic, acyclic, charged, large, negative, polar, and surface

Lysine (K, Lys) — Acyclic, basic, charged, large, polar, positive, and surface
Arginine (R, Arg) — Acyclic, aliphatic, buried, hydrophobic, neutral, and small

Phenylalanine (F, Phe) — Aromatic, buried, cyclic, hydrophobic, large, and neutral
Tyrosine (Y, Tyr) — Aromatic, cyclic, hydrophobic, large, neutral, and surface

Glycine (G, Gly) — Acyclic, aliphatic, hydrophobic, neutral, small, surface

Alanine (A, Ala) — Acyclic, aliphatic, buried, hydrophobic, neutral, and small

Histidine (H, His) — Aromatic, basic, charged, cyclic, large, neutral, polar, positive, and surface

Cystine (C, Cys) — Acyclic, buried, medium, neutral, and polar
Methionine (M, Met) — Acyclic, buried, hydrophobic, large, and neutral

Serine (S, Ser) — Acyclic, neutral, polar, and surface
Threonine (T, Thr) — Acyclic, medium, neutral, polar, and surface

Asparagine (N, Asn) — Acyclic, medium, neutral, polar, and surface
Glutamine (Q, Gln) — Acyclic, large, neutral, polar, and surface

Isoleucine (I, Ile) — Identical to Leucine
Leucine (L, Leu) — Acyclic, aliphatic, buried, hydrophobic, large, and neutral
Valine (V, Val) — Acyclic, aliphatic, buried, hydrophobic, medium, and neutral

Tryptophan (W, Trp) — Aromatic, buried, cyclic, hydrophobic, large, and neutral

Proline (P, Pro) — Cyclic, hydrophobic, medium, neutral, and surface

00000 0CO0OCCOO0O

The above properties, codes, and colors
Default are based on those used by RasMol.
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Appendix E. Imagery

All of the molecular images in this document were made using Molscript (Kraulis 1991) and
Raster3D (Merritt ef al. 1997). While RI Compare does have a built in molecular viewer, the
quality that this pair of tools generates is more suited for publications. Molscript is a tool which,
given a PDB file and various options from the user, can generate a Raster3D script. This is
generally done in two steps. First, molaulto is used to generate a rough Molscript script. This
script positions the camera, lighting, etc., but most importantly it describes how the molecule
should appear by specifying which chains and ligands of the PDB file to show and also where
secondary structures exist in the structure. The secondary structure assignment is determined
either by reading the assignment from the PDB file or by estimation based on the bond angles
and known properties of secondary structures. The assignment is important for high quality
imagery, including strands, turns, helices, etc, and without it the entire protein would be rendered
as a tube passing through the C, positions. This initial script was used as a template and
modified by adding commands to highlight residues that the RI Compare program had identified.
Once a Molscript script was ready it could be processed by molscript generating a Raster3D
script. While the Molscript files are quite small and easily edited by hand, the Raster3D scripts
are much larger and it would be difficult to edit much more than the headers. The Molscript
script establishes in a high level language how the geometry will appear and is parameterized by
the PDB file. The Raster3D script is basically a collection of raw geometric primitives with
fixed positions. Raster3D is used to generate the final graphic file at a high resolution
(1500x1500 pixels was used), which is important for quality printing. Since the resolution of a
printer is typically quite a bit higher than that of the screen, what appears to be large on the
screen is small relative to the output of the printer forcing the image to be scaled up in size. Any
scaling can cause distortion, but scaling up can be especially noticeable since solid blocks of a
single color often manifest making the image “blocky.” The images generated by Raster3D
often have a rather large empty border which was cropped off using the auto crop or trim
functionality of Adobe Photoshop.

The histograms were generated using The MathWorks” MATLAB. When performing a
statistical test with RI Compare a temporary MATLAB . m file would be written containing the
histogram data itself, already binned, and code to plot the histogram. Since there was no
function for plotting the histograms in the fashion presented here additional code was included
for drawing the outline of the graph and then filling in either the left or right portion of the graph
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indicating which tail of the distribution contained the observed value. These images where
exported as . emf files (Extended Meta Files) from MATLAB. This format is a vector graphic

format and allows for clean scaling.

The phylogenetic trees shown came from screenshots of RI Compare itself. While the single
trees could easily be made by a standard tool such as Phylip (Felsenstein, J. 1993, 1989), no tool
at the time of this writing was known that could be used to generate the graphs comparing clades
from different topologies highlighting identical clades. The screenshots occasionally had to be
stitched back together in Photoshop if the tree was larger than what could be displayed on the

screen at a single time.
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