Bioinformatic approaches to search for functional differences
yielding evolutionary branches, using the photolyase/blue-light
photoreceptor family as an example case.

Bioinformatiske metoder for leting etter funksjonelle endringer som forarsaker evolusjonare
forgreninger, med bruk av fotolyase/bla-lys fotoreseptor familien som et eksempel.

~C1MB_1 MTTHLVWFRQDLRLHDNL AT
CIME_L VSTWMHWFRNDLRLYDNVGL [Frog T MITHI70FRODIRIEDN
=C186_1 ILFWHRRDLRLSDNIGL ClpE 1 STVM i LY
+C18A_1 MOLFWHRRDLRTTDNRGL  [c183 1 ~--ILEWHRROLRLSDNIGE
#CryE_L GVNAVHWFRKGLRLHDNP E-f < . ‘-‘-“*--‘--*;’}-‘-’--‘-
>64E_1 RSTLVHWFRKGLRLHDNP —» Ef‘g;i - . ==l
>CPDE_L NKKTIVWFRROLRIEDNP  |oonz . NEETVIZRROLRI :
»CryB_L PPTVLVWFRNDLRLHDHEP  |Cyo3 1 :
»C2E_1 LGGVVYWMSRDGRVQDNW  [c2E 1 LGEV
=C2A_1  GEYVVYWMOASVYRSHWNH cin 1 Sl
CryB 1 LN AR AR
CimB 1 T{ 10 20
— ceoe1 [Cimm 1 MTTHLVWFRGDLRLHONL-——
c18B 1 CinE 1 S RNDLELYLONVGLY
_|: C18A1T — E—f? 1 N __EEEEEE\]_T;'
———————— CimEA :::‘T‘ - - :;J:E__::\}-\:::
ot [ey'  RSTrvEVERRGIRLEDNE-—
_—l/;ﬁdfj\ EP'E.E'_ NKRT IVWERRDLRIEDNE-—-
C2e 7 CryB 1 TVLYWFRNDLRLHDHEE—-
_’i: et/ |C2E 1 GGV YWMSROGRVGDNH———
Con 1 GSYVNY)MGRSVRSHINE-—-
Utfort av Harald Grove
2004

Ved institutt for naturforvaltning
Norges landbruksheyskole, NLH



Preface

This thesis has been done as the finishing project of my degree at the Agricultural University of
Norway at the Department of Ecology and Natural Resource Management, INA. The thesis was
finished at the first of June 2004.

I would first of all like to thank my main supervisor Professor Manfred Heun at INA for his
invaluable support with all parts of this work. I would also like to thank Dr. Anne Kristoffersen,
currently at the Department of Biology, University of Oslo, acted partly as co-supervisor and also
provided valuable help with the lab-work and the biochemical properties of the photolyase family.

The help and support for the PCR and sequencing reaction in addition to much of the DNA template
were provided by Kari Vollan, without whose support things would have taken a lot more time.
Additional DNA templates for the PCR reaction were provided by Ola Westereng (cotton), Linn
Nilsen (cactus) and Eunice Olten (Solanum nigrum).

Seeds from Arabidopsis thaliana were kindly provided by Professor Atle Bones at NTNU.

Help with the computer programs and the algorithms for the alignment and phylogeny procedures
were provided by Dr. Lars Snipen at IKBN and Jorn Henrik Sensteby at INA.

As, 29.05.2004

Harald Grove



Summary

This project was done to get an idea on how much information could be gained just by analysing
sequence data. The photolyase gene family was used as an example. Since this family consists of
five more or less different functional groups (three groups with repairing capability; (6-4)
photolyase, class I and class II CPD photolyase and two groups with plant and animal blue light
photoreceptrors), the goal was to figure out to what degree the difference between each functional
group could be predicted with only the amino acid sequence as a reference. The amino acid
sequence data was chosen instead of the nucleotide sequence data because the functionality of the
gene lies in what amino acids are present in the final protein, and in what order.

The project consisted of two parts; laboratory work and computer work. The laboratory work was
done to get some experience with the DNA amplification method, PCR (Polymerase Chain
Reaction), and as an example on how a gene found in one species can be amplified from another
species, using primers designed based on conserved areas in the already known gene sequences. If
this part had worked fine then the PCR products were to be sequenced, and the sequence compared
with the other sequences downloaded from the sequence databases. However, the first steps of the
lab work ended up taking too much time to quite finish that part of the project. Even so, the results
that were achieved showed that the method quite probably would have worked fine. The results
from the PCR showed the presence of a probable photolyase homologue in cotton, tomato, cactus
and maize. It would have been interesting to sequence the bands present to see if they actually
showed the presence of a photolyase gene, or just a random hit in the genome.

The computer part was to analyse a number of sequences downloaded from a sequence database on
the internet. With the photlyase/blue-light photoreceptor family as the source of the sequences, 38
sequences were downloaded. Then a multiple alignment was done, followed by the construction of
a phylogenetic tree based on the alignment. These results corresponds well with what has
previously been published, showing the groups of Cyclobutane Pyrimidine Dimer (CPD)
photolyase (class I and II), 6-4 photolyase and cryptochromes (animals and plants).

The results showed that some indications of functional divergence could be gained from an analysis
of the multiple alignment. Part of the gene showed little to no conservation, while other areas were
to some extent fully conserved over all the sequences. Using this conservation as an indication for
functionally importance several sites in the alignment were indicated as potentially important.
Comparison with the known 3D structure of the enzyme showed that the gene function seemed to
be able to tolerate a certain degree of variance in the protein sequence, even in the sites deemed
important.

The multiple alignment was then searched to find potential sites for explaining the separation
between the major groups shown in the phylogenetic tree. Several sites were detected, which could
be important for the functional divergence. It was not possible within the scope of this thesis to get
any proofs of the importance of these sites, but the possibilities for further research are good.



Sammendrag

Denne oppgaven ble utfort for & fa en ide om hvor mye informasjon som ligger tilgjengelig i
sekvens data. Som et eksempel ble det valgt & bruke en genfamilie bestdende av fotolyasegener.
Denne familien besto av fem i varierende grad funksjonelt forskjellige grupper (tre grupper med
repareringsmulighet; (6-4) fotolyase, klasse I og klasse II CPD (Cyclobutan Pyrimidin Dimer)
fotolyase og to grupper bestdende av bla-lys reseptorer fra plante og dyreriket), malet med
oppgaven ble satt til & finne ut i hvor stor grad forskjellen mellom de funksjonelle gruppene kunne
bli bestemt ut fra aminosyre rekkefelgen som referanse. Aminosyrer ble valgt i stedet for
nukleinsyrer (DNA) for sekvensanalysen, fordi funksjonaliteten til genene ligger i rekkefolgen av
aminosyrene i det ferdige proteinet.

Oppaven besto av to deler; laboratoriearbeid og datamaskinarbeid. Laboratoriearbeidet ble utfort for
a fa erfaring med DNA amplifisering ved hjelp av PCR (Polymerase Chain Reaction). I tillegg
skulle det vises hvordan et gen funnet i en eller flere andre arter kan fungere som basis til &
amplifisere det samme genet i en annen art, ved hjelp av primere laget baser pd konserverte omrader
i sekvensen fra de andre artene. Hvis denne delen hadde fungert etter planen, sa ville neste steg
veere 4 sekvensere produktet fra DNA amplifiseringen. Det oppstod imidlertid problemer slik at den
forste delen av laboratoriearbeidet tok lengre tid enn beregnet. Dette forte til at resten av arbeidet
med sekvenseringen matte skrinlegges. Selv om denne delen av prosjektet ikke kunne gjennomferes
fullt ut, viste det som ble gjort at det hayst sannsynlig ville fungert som planlagt. Resultatene fra
PCR’en viste en mulig fotolyase homolog i bomull, tomat, kaktus og mais. Det ville vert
interessant & se om dette faktisk var fotolyasegener eller bare et tilfeldig treff i genomet.

Resten av prosjektet var lagt opp basert pa sekvenser hentet fra sekvensdatabaser pé internett. Med
fotolyase/blélys fotoreseptor familien som basis ble det funnet og lastet ned 38 sekvenser. Deretter
ble det gjennomfort en multippel sammenstilling av sekvensene, etterfulgt av en fylogenetisk
analyse basert pa denne sammenstillingen. Resultatene fra disse analysene stemt godt overens med
tidligere publiserte artikler.

Resultatene av sgket gjennom den multiple sammenstillingen ga indikasjoner pa flere potensielt
viktige funksjonelle omrdder. Et omridde av genet viste liten eller ingen konservering, mens andre
var tilneermet uforandret over alle sekvensene. Denne invariansen kan brukes som hint om at disse
omréddene inneholder funksjonelt viktige posisjoner. Sammenligning med den kjente 3D strukturen
av enzymet, viste genet tydeligvis har mulighet til & tolerere en viss variasjon, selv i posisjoner som
ser viktige ut.

Neste skritt var & bruke den samme sammenstillingen til a lete etter de posisjonene som er opphav
til forgreningspunktene pavist i det fylogenetiske treet. Flere potensielt viktige posisjoner ble pavist.
Det var ikke mulig innenfor rammene av denne oppgaven & pavise noen funksjonelle egenskaper til
disse posisjonene, men resultatene viser at metoden har potensiale.
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1. Introduction

With the development of increasingly faster and more powerful sequencing techniques, more and
more whole genomes have been sequenced during the last decade. This has led to an increasing
interest in functional genomics, being able to compare the whole genome of one species with
information gathered from other species. This also causes a number of possible genes to be
proposed based on the finding of open reading frames in the genome. The identification of these
hypothetical genes usually start with a match finding program like BLAST, thereby showing what
known genes the new gene resembles. This gives an idea of what function the new gene may have.
A phylogenetic method may then be used to gain an indication of the clustering of the new gene
compared to the similar genes.

The phylogeny of the selected gene having divided into function can instead be used as a guideline
to how the different variations of the gene evolved. The difference in function can be caused by
several kinds of changes in the organism and the gene. One possibility is the mutations in the parts
required for the expression of the protein; the promoter region, the enhancer areas or any
transcription factors. Another is the possibility of an insertion or deletion (indel) causing a shift in
the reading frame, leading to a protein with possibly quite different structure. The severity of this
change depends on where the indel is located; early in the protein and the product will quite likely
be unrecognisable and not functional, later on and the protein may keep some function although it
will have acquired a different tail. Mutations within the intron parts of the sequence may also give
an unrecognisable protein if it causes changes in the splicing of the mRNA.

All these cases have in common that they either cause the protein not to be produced or to be so
changed as amounts to the same thing. This is going to make it, at worst, impossible to search for
mRNAs or proteins from the affected organism. Any changes happened to the protein sequence will
therefore be masked by the disappearance of the protein itself.

Since this thesis was about looking for changes in the protein structure, based on sequences derived
mostly from mRNAs and proteins, any change that would lead to the disappearance or greatly
transformation of the protein would not be detectable.

The changes in the gene expression that would be detectable for this thesis is the substitution of one
or more bases in the gene sequence, causing a change in the amino acid composition of the final
protein. Also, any indels causing the removal or addition of small segments of the protein will also
be detectable as long as the majority of the protein is correct, and it is still translated. A
rearrangement of the protein due to a different splicing pattern or the rearranging of the gene
sequence may be discovered based on the search algorithm if scanning a sequence database, or the
choice of primers or probes when working in the laboratory.

All the mutations and other changes mentioned will have to be non-deleterious to the organism to
be able to detect the protein or mRNA. Otherwise, the organism wouldn’t have been able to survive,
and the mutations wouldn’t be carried on. This leads to the assumption that all changes seen
between different proteins have to either be neutral, slightly negative but not completely disrupting
or positive. The positive changes can be either just an increase in effectiveness, or the development
of a new function or new way of doing the old function. This thesis will look at examples of both
these latter cases.

Based on an article by Kanai et al. (1995), a gene family were found that seemed a good start for
this project; the photolyase gene. This gene repair damages to the DNA caused by UV-light.



Among other types of damage to the DNA, the UV-light can cause a binding between two adjacent
pyrimidines. This gene family uses visible blue light to repair this damage. The photolyase family
contains two types of photolyases repairing slightly different kinds of damage in addition to some
similar but non-repairing relatives. This project will then have as a goal to try and suggest
localisation of the residues important for this change in function between the two photolyases and
the loss of function to those proteins devoid of repairing ability.

In the original article (see appendix A for easy reference) they operated with five groups; two from
class I photolyase with cofactor MTHF and 8-HDF, blue-light photoreceptors, 6-4 photolyases and
class II photolyase. The BLRs are classified as a group based on the fact that they all seem to
contain a bit of sequence that is capable of receiving light energy and using as a reducing agent
(FADH). As such there may be photolyases among this group that lacks a discovery of their
functionality. The functional difference between class I and class II photolyase is not known at
present, but there seems to be more prokaryotes in the class I version and more eukaryotes in the
class II. This grouping is based on the alignment data and also on crystallographic analyses of the
protein from E.coli (Park et.al 1995).

Especially one figure was used as inspiration for this work, shown in figure 1.1.

MTHF type Class | CPD photolyase (subacteria)

MTHF type Class | GPD photolyase (eukaryote)

MTHF type Class | CPD photolyase (eubacteria)

Cluster 1 Blue-light photoreceptor (eukaryote)

(6-4) photolyase nomologue(eukaryote)

(6-4) photolyase (eukaryote)
Ancestor

CPD photolyase
including MTHF or 8-HDF?

8-HDF type Class | CPD photolyase (eubacteria)
8-HDF type Class | CPD photolyase (archaebacteria)

Cluster 2 8-HDF type Class | GPD photolyase (eubacteria)
Class || CPD photolyase (eukaryote)
Class | IGPD photolyase (archaebacteria)

Class || CPD photolyase (eubacteria)

The upper limit of species
divergence points between
eubacterias and eukaryotes

Fig. 4. Scheme of evolutionary process for the photolyase-photoreceptor family. The circles with figures indicate the nodes corresponding to gene
duplication before the divergence between eubacteria and eukaryotes.

Figure 1.1: Figure 4 from the article by Kanai et al. (1995). Here they mention gene duplication
events at the nodes. This thesis is about trying to find the changes following this duplication that
lead to the change in function.

With this case as a guideline, several new photolyase genes were collected from the net, and added
to the original 22 sequences. This was done by searching for articles describing the genes, or bye
searching the sequence databases for matching genes. In the end 38 sequences were collected and
analysed. The goal was to find the changes causing the split between, for example, (6-4) photolyase
and the blue light photoreceptors at the node marked 6 in figure 1.1.



2. Theory

2.1. Sequence databases

The increase in the number of sequenced DNA, either small parts like genes and mRNA’s or large
parts like chromosomes and whole genomes, has led to the development of sequence databases. The
most used are probably EMBL (http://www.ebi.ac.uk/embl/), NCBI (http://www.ncbi.nlm.nih.gov/)
and PIR (http://pir.georgetown.edu/pirwww/search/textpsd.shtml). Here the full sequence of many
genomes may be found, and the possibility of extensive sequence comparison has been made easier.
The sequences are usually submitted with whatever information was known about them at the time.
This could be anything from a full analysis of the gene expression with 3D structure and predicted
or known functionality, to just the sequence itself. Lately, with the increasing number of sequenced
genomes, a number of genes are submitted based solely on homologue analysis with known genes.
These genes may have been found by screening the sequenced genome for homology matches to
other known genes, or they may be the result of an analysis of the mRNA expressed in some tissue.
In the latter case, if it came from an eukaryote, the intron information will be lost and only the post
splicing sequence will be reported.

It is possible to try to infer the functional aspect of any newly proposed gene just by comparing it to
other genes with known function and/or binding properties. The new gene can be scanned against
the database using programs such as BLAST (found at the NCBI website), ParAlign
(http://www.paralign.org/) or others. The resulting matches can give some indication of the function
of the gene by observing what genes or fragments of genes it is found as homologue to.

If part of the new gene matches against part of an old gene shown to bind to FADH, then the new
gene is also likely to be able to bind FADH. This inference should be made with some caution since
homology does not necessarily mean identity, and a change in just a few bases might render the
gene unable to do the proposed action, in this case; if the gene has lost one or more of the binding
sites to FADH, while still retaining most of the primary structure, it may show up as a homologue
but be unable to bind FADH. On the other hand, having some small changes in less important parts
of the gene might not affect the function at all, and that’s why this kind of search is made with a
certain degree of tolerance against mismatches. The user has to specify how much difference is
tolerated, or just manually inspect the suggested hits for possible matches.



2.2. Protein evolution

To analyse the difference in protein function, a model for the evolution of protein sequences is
required. This is because the properties of the amino acids are in some cases overlapping; isoleucine
may for example be substituted with leucine without affecting the protein in any serious way. A
change from one amino acid to another in a certain part of the protein may have to be considered
against this possibility. When aligning the sequences this model is used to minimize the total
distance between all sequences, this will be further discussed later in the paper.

Since any changes to the protein is caused by changes in the DNA sequence, it would seem natural
to analyse the DNA sequence to get a model of how the bases are either substituted or lost, thus
creating a mutation which might lead to a new function. On the other hand, whether a protein is
going to work or not is dependent on what amino acids it consists of and in what order they are
present. If a protein loses its function due to a mutation, the cell may be unable to survive if the
function was important enough. In this case the mutation will be lost. Any differences seen in the
sequence of two functionally equivalent genes today must therefore be the result of either a
beneficial mutation, or at least not a too detrimental mutation, or a non-essential mutation. In the
latter case, this might be the substitution of one hydrophilic residue with another in a part of the
protein only important for the solubility and/or structural properties. An example of the former case
may be a different way to bind the substrate or being able to utilise a different cofactor in the
reaction.

With the nucleotide data, the analysis will be one step removed from the function, since proteins are
translated. Any information gained from the DNA sequence must be translated to the equivalent
protein sequence before the functional importance of the observed changes is apparent. This is due
to the matter of the redundancy in the code. Since there are 64 possible combinations with 3 sites of
4 nucleotides each and only 20 amino acids (21 if counting the stop codon), several 3-letter codes
give the same amino acid. Valine is coded by the sets; GTT, GTC, GTA and GTG, which means a
change in the third codon will be a silent mutation since you will still get the same protein
composition. A mutation in the DNA which doesn’t result in any changes in the protein is called a
synonymous mutation. The opposite will then be a nonsynonymous mutation. In a genome it is
expected to find a certain amount of the former kind of mutation since it doesn't affect the organism
in any significant way. On the other hand any nonsynonymous mutations will result in a different
amino acid being inserted in the affected position of the protein. As mentioned above, if this change
results in a change of function which is not for the good of the cell, the mutation is unlikely to be
carried on to the next generation unless the cell can do without this gene. It has been shown that in
general, for coding areas of the genome, the number of synonymous mutations outnumber the
nonsynonymous mutations (Li et al. 1985).

To make a model of the amino acid substitution without using the nucleotide data, Dayhoff (1978)
developed a protein substitution matrix, showing the probability that any amino acid mutates into
any other. This matrix is based on a multiple alignment of sequences above a certain degree of
identity. Later, several similar matrices have been suggested, depending upon the expected time of
divergence between the species in the analysis. These include an improvement of the original
Dayhoff matrix by Jones Taylor and Thornton (the JTT matrix, 1992), the Gonnet matrix (Gonnet et
al. 1992) and the BLOSUM matrix (Henikoff and Henikoff 1992).



2.3. Alignment

The purpose of the alignment step is to generate a matrix where each row contains one sequence of
either amino acids or nucleotides. The columns are then representing all the amino acids or
nucleotides from the analysed sequences which have evolved from a common ancestral amino acid
or nucleotide in the ancestral sequence. With an ideal alignment it will be possible to see how each
site in the ancestral sequence has evolved. If the sequence hasn't had any deletions or inserts, the
alignment is more or less the case of sliding each new sequence until it matches the previously
aligned sequences. In its most simple form, this is what the sequence alignment programs are doing.
They line up the sequences in such a way that as many character as possible matches. Whatever
doesn’t match is then considered to have changed sometime during the evolution of the sequences.
Usually however, this only works for very closely related sequences or alternatively very much
conserved sequences. What is more often the case is that each sequence needs the insertion of some
gaps along the alignment to make as many amino acids or nucleotides match between each of the
sequences. This is caused by another type of mutation; the gain or loss of one or more characters.
This can be caused by the excision or insertion of nucleotides in the DNA sequence or, when
considering proteins, a change in the preprocessing of the mRNA, changes in the excision of introns
for example.

The general approach is to align the areas where both sequences are conserved, and introduce gaps
in one or both of the sequences to make the rest match as good as possible. In the most liberal
placement of gaps one could imagine that most, if not all, of the characters will be paired with a
similar character as shown in figure 2.1.

Sequence 1 cgtgtagtcgtcatgt cgtgtagtcgtcatgt-—---
Sequence 2 cgtgttgtcgtcatgt cgtgt--t-gtc--gtcatgt
A\

Figure 2.1: The alignment of two sequences with no restrictions on the placement of gaps. The
single mutation from an ‘a’ to a ‘t’ is marked.

The alignment in figure 2.1 shows what happens if gaps are placed with too little restriction. Then
the single mutation marked at position ‘*’ causes the subsequent nucleotides to be shifted away
from their true position.

To avoid this problem, the insertion of one or more gaps in the alignment needs to be taken care of.
That's why the alignment programs introduce two parameters called "gap open" and "gap
extension". These indicate the penalty you would add to the final alignment score by adding
respectively a gap and an additional gap. The difference between the two parameters stems from the
assumption that as soon as an indel has happened, the chance for this event affecting more than one
character is larger than for the indel effect in the first place.

Finding the right values for the two gap parameters is not immediately obvious. The amount of gaps
tends to be correlated to how long it has been since the last common ancestor. The closer the time
since the two split up the less chance there is that a mutation has happened. Accordingly the penalty
for gap opening is increased the closer the common ancestor is supposed to have been.

Regarding ways of treating gap costs Durbin et al. (p44, 1998), references a paper by Vingron and
Waterman (1994). One method is to choose the gap penalties based on the substitution model.
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When the alignment is done, the final matrix can be used either as a way to generate a phylogeny,
using the methods described earlier, or analysing the columns in the alignment matrix, looking for
information on evolution between the different sequences.

When looking at the final alignment, some more or less obvious errors may be seen. This is due to

the algorithm having been simplified to reduce computation time. One such error may be:
123456

LLDTGG -1
LLDTGG -2
LLDTDG -3
LL--DG -4

Here sequence 4 and 3 may have been aligned first and then added to the rest. Because the gaps
inserted with the alignment of sequence 3 and 4 are not changed later, the D in position 5 will be
kept in place, even though it may make more sense to place it at position 3. It may of course be that
sequence 4 has lost the DT motif at position 3 and 4, and gotten a change from D to G at position 5.
This shows that any manual editing of the alignment risks introducing a personal bias, which might
be problematic when working with specific alignment positions. In the case of using an alignment
for phylogenetic research, the impact of one small error like the one above will probably not matter
much for the final result.
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2.4. Phylogeny

After aligning the sequences, it is usually a good idea to generate a phylogeny for the sequences.
There are several algorithms available for this task, and each algorithm can have some differences
in the implementation. One method tries to find the most parsimonious tree structure based on the
assumption that the solution that gives the least amount of evolution is to be preferred. Other
methods calculates the pairwise distances between each pair of sequences and makes a clustering
approach to the tree building, making the assumption that the closer the distance, the less time since
a common ancestor. A third variant is to use maximum likelihood to calculate the probability for
observing any tree given some predefined model of substitution, and then choose the tree which
gives the best result. Within these groups there is also the possibility for different algorithms on
how to actually calculate the relationships between sequences.

It has been shown that when generating a species tree, using too few or too short sequences, may
lead to the wrong conclusions (Rokas et al. 2003). This result however, came from a study using
eight different yeast types to show the general phylogeny between them. Since this thesis are
concerned with the functional divergence of only one gene, the use of only one gene should not be a
problem in this respect. All phylogenetic trees shown in this paper has to be regarded with this point
in mind, they do not necessarily show the evolution between the species, but rather the evolution of
the photolyase gene in question.

2.4.1. Distance based methods

All these methods have in common that they start with calculating a distance matrix Pj;, where each
cell gives the evolutionary distance between species i1 and j. There are several proposed methods on
how to calculate this distance matrix.

The easiest one is to just use the identity, where the number of equal character sites is divided by
the total number of sites in the shortest sequence. This is similar to how distance is measured in
marker analysis (AmplifiedFragmentLengthPolymorphism Vos et.al 1995), or when using
phenotypic traits (eye colour, length etc.). The difference with sequence data is the possibility of
grading all the non-identical sites based on the probability of the change having happened in a set
amount of time. With nucleotide data, instead of setting the distance between two dissimilar bases
to one, one could adjust the value dependent on if it was between for example A and T, A and G or
A and C.

The simplest model of how nucleotides are substituted is presented by Jukes and Cantor (1969).
Here they assume that all nucleotides have an equal probability of mutating into any other
nucleotide, and that the frequency of each nucleotide is the same. This gives the estimation of the
expected proportion of nucleotide differences between two sequences at a time t after their
evolutionary separation as:

k=-%1In (1 —4*d/3)

where d is the number of differing nucleotides in the sequence and k = %4(8at) where a is the
probability of mutating from one nucleotide to another.

With this model the number of observed differences reaches an asymptote at 0.75 as the time
increases, which is to be expected since any two random sequences will be matching by chance in
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25% of the sites. In practice this means that after a certain divergence, any further mutations have a
high probability of hitting a previously mutated site. In that case it will either return to the original
state, thereby hiding the fact that the site had mutated or it will change further, thereby replacing the
first mutation with the second and giving rise to an underestimation of the total divergence.

Other models for nucleotide evolution have been developed to take into account that the nucleotides
may have unequal frequency and that transversions and transitions may have unequal probability of
happening (Kimura, 1981; Tamura & Nei 1993; among others).

After generating the distance matrix, a clustering method is usually applied such as the neighbor-
join (NJ) (Saitou and Nei, 1987) or the Unweighted Pair Group Method with Arithmatic Mean
(UPGMA).

When calculating the distance, the presence of gaps is causing problems. One method used is to
simply ignore them. This will lead to some information loss in the sites affected by gaps, although
these sites probably are the more variable in the sequence and therefore is more likely to be less
informative of the phylogeny.

2.4.2. Parsimony

Based on the principle that the easiest solution is usually the best, this method looks at each site and
tries to figure out how this could have evolved with the smallest amount of changes. The total
number of required mutations is used as a measure of how good the final tree is.

Since searching through all possible trees usually takes a long time, there has been devised a couple
of methods for narrowing the search area. One such approach is to start with a pre designed
topology, usually found via a distance based method such as NJ or UPGMA. Then the goal is to
refine that tree by swapping branches in the tree and recalculate the number of mutations needed. If
the new tree turns out to be better it is taken as a new starting location, otherwise the first tree is
kept. The three steps of branch-swapping, recalculation and possibly finding a new starting tree is
repeated until no further improvement can be found. Then it is possible to generate a new random
tree and do the whole procedure over again as long as needed (wanted) until the best possible tree is
found. The problem with this approach is that the best tree found may not be overall best, just the
best within the local region, and there is no sure way of knowing whether it is or not unless one
examines all the trees.

If one just counts mutations there will also be a problem if a sequence has had more than one
mutation one a site. This could be a reversal to the original character, or a further mutation to
another character. In this case, two sequences may appear to be closer related than they in fact are,
and this may cause problems with the topography. Additionally one may have to take into account
that certain mutations are more common than others; in nucleotide sequences transitions tend to
occur more easily than transversions and with protein sequences one amino acid may have an easier
time being changed to a similar amino acid than otherwise. There is also the question on how to
treat gaps; are these just another mutation or should there be a different weighting scheme for these
positions.

2.4.3. Maximum Likelihood

A second method to generate a phylogeny from an alignment is to use a maximum likelihood
algorithm. The principle of this method is to calculate the probability of a certain phylogeny, based
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on an assumed model of evolution, and then choose the tree which gives the highest probability
given the model. The advantage of this method is that a full model of evolution is required, and the
effect of each site can be calculated and added to the total probability. Since this happens each time
two or more sequences are compared, no information is lost except for what the user decides to
omit. This is in contrast with the distance based methods where the information from each site is
used only once to calculate the pairwise distance with each of the other sequences, and then
discarded.

This method can easily be the most computationally demanding and requires that either the data set
is small with few and/or short sequences or the computer is fast. Although the computer speed has
been greatly increased during the last decade, it is still difficult to make a full analysis. In this case
heuristic approaches can simplify the analysis while still give adequate answers. As with
parsimony, one approach is to first get a basic topology and then rearrange the branches,
recalculating the probability for the tree each time. This is usually done with some main branches
defined as certain, and the branch swapping happening on the exterior branches. This rearranging is
then performed until a maximum value for the probability is reached. The limit is either defined by
limiting the number of branches open to swapping, or by using a chain method. In the former case,
all possible branches are rearranged and the probability calculated for each tree, while in the latter
case, the probability of the new tree, after swapping, is compared to the probability of the old tree,
and whichever has the highest score is chosen as the starting point for the next branch swapping.
This continues until no further higher probability tree can be found.

Another way of doing ML without having to analyse all possible phylogenies, is the quartet
puzzling method (Strimmer and von Haesler, 1996). Here they base the tree construction on quartet-
puzzling, calculating the ML tree for each quartet among all the sequences in the data set. Then one
tree is randomly chosen as a starting point, and the rest of the sequences are randomly drawn and
added to the tree based on their quartet relationship with the sequences already present in the tree.
The tree building steps are then repeated a number of times chosen by the user, each time recording
the final tree. Finally, a consensus tree is presented with each cluster having a corresponding value
showing how many times this cluster appeared among all the puzzling trees. This value can be used
as a measure of how good the final tree is, much the same as with the bootstrapping method,
although the two methods should not be confused with each other.

2.4.4. Bayesian methods

Another approach to the tree building is to use Bayes’ theorem as a basis for inferring phylogeny.
With this method the trees are ranked according to their posterior probability P(tree | data), whereas
the likelihood method uses the probability P(data | tree). Bayes’ theorem is in its simplest form

Prob (H | D) = Prob (H & D) / Prob (D)

Here H is the hypothesis and the data set is D. Bayes theorem then describes the probability of the
hypothesis given the data. The Metropolis algorithm (Metropolis et al. 1953) is one of the most
widely used algorithm as a basis for a Bayesian inference of phylogeny. The algorithm is in short;
first a tree is chosen, then another tree is chose as the possible next step. The ratio of probabilities of
the proposed new tree and the old tree is calculated. If this ratio is above one, the new tree is

chosen. If the ratio is less than one, then a random number from 0 to 1 is drawn and the new tree is
chosen if the random number is less than the ratio. Whichever of the two trees was chosen is set as
the new starting point the procedure is repeated. The main difference between this method and the
heuristic search used in parsimony and maximum likelihood is that this method can with a non-zero
probability choose a new tree that is less probable than the old. In this way the method can work
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away from a local maximum, to possibly find the global maximum.

A more detailed version of this method and a general review of Bayesian inference of phylogeny
can be found in the book Inferring phylogenies (Felsenstein 2004 p.288).

A program which uses the bayesian approach to phylogeny is MRBayes (Huelsenbeck and
Ronquist, 2001).
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2.5. Photolyase characteristics

To have an example system to consider how looking for functional changes could be done, the
family of photoreceptors was chosen. For one of the latest reviews of this family see Sancar (2003).
This family consists of two main groups; the photolyases, which repair DNA damage, and the
cryptochromes (Cashmore et al. 1999), which have an effect on the physiological cycles caused by
changes in light level and day/night switching. This family has been studied to some degree and the
manner of the photolyase mechanism is mostly known. While the cryptochromes are not so well
classified, several tests have shown at least some of the properties for this group. Combined this
gives a suitable project for a functional diversification since both groups utilise light as a source of
energy, but their function is to some degree, quite different. The photolyases repair the bonding of
two adjoining bases in the DNA, while the cryptochromes function as transcription factors.

2.5.1. Photolyases

The photolyases consist of two distinct groups, classified by which type of damage is repaired.
These two groups are based on the two types of damage that, while apparently fairly similar,
requires a different mode of repair. The damage is either a double bond between the C-6 and C-5 on
adjacent pyrimidines, or the single bond between the C-6 and C-4. This kind of DNA damage is
called photoproducts. This is shown in figure 2.2. For a more detailed description of the repair
mechanism see Carell et al. (2001).
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The two types of photolyase are then called cyclobutane pyrimidine dimer (CPD) photolyase and
(6-4) photolyase (Todo et al. 1993). The CPD photolyase are further divided into two groups; class
I and class II, and while the former grouping (CPD vs. (6-4)) is based on function, the latter is based
on structure. As will be shown later the primary protein structure clearly shows class I and class II
photolyase as two distinct evolutionary groups, in fact the class I photolyase is more closely related
to (6-4) photolyase than it is to class II based only on the primary structure of the protein.

Both the CPD and the (6-4) photolyase have several things in common; both use FADH as cofactor
to manage the electron transfer to and from the damaged DNA. In fact, the use of FADH is a
common factor to all the photoreceptors. Additionally they both contain a second cofactor which
has been shown to function as the light harvesting factor for the reaction. This second cofactor has
been shown to be either 5,10-methenyltetrahydrofolate or 8-hydroxy-5-deazaflavin, depending on
what type of organism coded for the protein. Last, they both bind to the affected area of the DNA
prior to the electron transfer from FADH.

The actual mechanism of removing the damage however is different; the CPD damage requires only
the electron transfer to the double bond, while the (6-4) damage needs a bit more rearranging. The
functional difference, if any, between class I and class II photolyase is as yet unknown. Based on
where the two types have been found it seems to be a case of class I appearing mostly in unicellular
organisms (prokaryotes and eukaryotes), while class I mostly appears in multicellular organisms.
This classification however does not cover all the observed results.

In regard to the possibility of detecting the functional differences, there are consequently three areas
on the protein of special interest; the amino acids binding to the FADH cofactor, to the second
cofactor and to the damaged DNA. In addition, the areas between the functional sites may also be of
importance because they help the protein fold correctly and make sure the active sites are in the
right position. Lastly there is also the matter of localization; if the protein is translated in a different
compartment of the cell, it needs to be transported to the correct place. It has been shown that some
photoreceptors have an N-terminal area coding for whether it should go to the mitochondria,
chloroplasts or nucleus. In principal, any changes in one of these areas may cause the protein to stop
functioning or reduce its effectiveness.

2.5.2. Cryptochromes

Cryptochromes are a group of photoreceptors first classified based on sequence homology with the
photolyase group. Experiments with Arabidopsis have shown that defects in these proteins cause
the plant to lose the ability to respond to blue light. It has been proposed that cryptochromes act as a
transcription factor for the circadian clock, which is the biochemical response in organisms to
varying levels of light (Lin 2002).

The term cryptochrome has been defined to mean a photolyase sequence homologue with no DNA
repair activity but with blue-light-activated enzymatic functions.

The similarities to photolyase are several. Both bind FADH as a cofactor, and the cryptochrome
found in humans have been shown to be able to bind MTHF (Ozgur and Sancar 2003). Both
proteins bind to DNA (Kleine et al. 2003) although with a slightly different preference when it
comes to double stranded vs. single stranded DNA. The primary protein structure is also very
similar, the cryptochromes clusters on some occasions closer together with the photolyases than the
different photolyases do to each other. The main difference is in the function since while both
proteins have the ability to bind to DNA, only the photolyase is capable of repairing the pyrimidine

17



dimer product. One notable difference is that the cryptochromes seem to have a C-terminal
extension that is not present in the photolyases.

A third cryptochrome class has also been discovered, called DASH cryptochromes. This group
seems to appear together with the (6-4) photolyase and the animal cryptochromes, and has the
ability to bind to DNA and shows also some transcription control (Brudler et al. 2003). Differences
in the cryptochromes were also shown with cryptochromes from zebrafish (Kobayashi et al. 2000).
One of the cry genes were shown to have inhibitor activity for the circadian clock system, while the
other did not.

2.5.3. Important residues for photolyase activity

Based on crystallographic analysis, the 3D structure of the class I CPD photolyases from
Escherichia coli (Park et al. 1995) and Thermus thermophilius (Komori et al. 2001) have been
described. From the E.coli structure, the FADH binding site has been shown to include 12 amino
acids, located in the downstream part of the enzyme. Also, a triple tryptophan chain has been shown
to mediate the electron transfer to the FADH molecule (Byrdin et al. 2003). This involves the three
tryptophans W, W*** and W**. From W** the electron is transferred to the FADH molecule.

From (6-4) photolyase, two histidines, H** and H*®*, have been proposed to be important to the
repair mechanism (Hitomi et al. 2001). It was shown that the enzyme lost almost all repair activity
when these histidines were substituted with alanine. The numbers refer to the position these amino
acids have in the protein from Xenopus laevis.
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3. Materials and methods

3.1. Sequences

From the photolyase/blue-light photoreceptor family, sequences from all the most interesting
groups were searched for in the NCBI database (http://www.ncbi.nlm.nih.gov/). This included the
class I and II of the CPD photolyase, the cryptochromes (both animals and plants) and the 6-4
photolyase. The sequences were either discovered by searching the database for the different
groups, or via references in several articles on the function of various isolated photolyase genes
from different species. The sequences are shown in table 3.1.

The sequences were all downloaded from the NCBI sequence database, and the accession number,
name and classification are shown in table. The classification is based on information from the
database, or research articles where available. This is noted under the reference column.

Due to some restrictions in the programs used where the name has a limit of 10 letters, the
sequences have gotten an ID to be used later in the analysis. This ID is made up as follows:
Clm: class I CPD photolyase with MTHF,

C18: class I CPD photolyase with 8-HDF,

C2: class I CPD photolyase,

64: 6-4 photolyase,

Cry: cryptochromes.

The next letter (E, B or A) indicates whether the gene came from respectively an eukaryote, a
bacteria or an archebacteria. The last number is an index when more than one sequence have a
similar ID.

The gene sequence from Sinapis alba have been shown to give a functional repair protein
(Batschauer, 1993). However, other papers (Kanai, et al. 1997; Kobayashi, et al. 2000), lists it as a
cryptochrome. The ID of this sequence is therefore slightly different from the rest to make it easier
identifiable.

Table 3.1: The sequences downloaded from the NCBI database.

ID Name Classification Reference NCBI acc. Nr.
CIlmB 1 Escherichia coli Classl, MTHF Yes P00914
ClmB 2  Salmonella typhimurium ClassI, MTHF Yes' P25078
CImE 1 Saccharomyces cerevisiae Classl, MTHF Yes P05066
ClmE 2 Neurospora crassa Classl, MTHF Yes P27526
C18B_1 Synechococcus leopoliensis  Classl, 8-HDF Yes P05327
C18B 2 Synechocystis sp. Classl, 8-HDF No" AAB81109.1
C18B 3 Streptomyces griseus Classl, 8-HDF Yes P12768
CI18A 1 Halobacterium sp. Classl, 8-HDF Yes NP_280191.1

64E 1  Drosophila melanogaster 6-4 Yes® BAA12067.1
CryE 1 Homo sapiens Cry Yes® BAA12068.1
64E 2 Aphrocallistes vastus 6-4 Yes? CAD24679.1
CryE 2 Homo sapiens Cry No NP_066940.1
64E 3 Danio rerio 6-4 Yes! BAA96852. 1
64E 4 Arabidopsis thaliana 6-4 Yes! BAA34711.1
64E 5 Xenopus laevis 6-4 Yes® BAA97126.1
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ID Name Classification Reference NCBI acc. Nr.

CryE 3 Gallus gallus Cry Yes® AAK61386. 1
CryE 4 Drosophilia melanogaster Cry Yes’ BAA35000.1
CryE 5 Danio rerio Cry Yes' NP 571864.1
CryE 6 Chlamydomonas reinhardtii Cry No AAC37438.2
CPDE 1 Sinapis alba CPD Yes' P40115
CryB 1 Synechocystis sp. Cry Yes" S74805
CryE 7 Arabidopsis thaliana Cry No Q96524
CryB 2 Mesorhizobium loti Cry No NP_108272.1
CryB 3  Xanthomonas campestris Cry No NP_636808.1
CryB 4 Bradyrhizobium japonicum Cry No BAC50575.1
CryE 8 Oryza sativa Cry No BAA82885.1
CryE 9 Physcomitrella patens Cry No BAA83338.1
C2A 1 Methanothermobacter ClassII Yes' P12769
thermautotrophicus
C2E 1 Drosophilia melanogaster ClasslII Yes' $52047
C2E 2 Carassius auratus ClasslII Yes'’ A45098
C2E 3 Oryzias latipes ClassII Yes' BAA05043.1
C2E 4  Monodelphis domestica ClasslII Yes'! BAA06700.1
C2E 5 Potorous tridactylus ClassII Yes'” BAA05041.1
C2E 6 Chlamydomonas reinhardtii ClassIl Yes® AAD39433.1
C2E 7 Spinacia oleracea ClasslI No AAP31407.1
C2E 8 Arabidopsis thaliana ClassII Yes'"? AAC08008. 1
C2E 9 Cucumis sativus ClassIl No BAB91322.1
C2E_10 Oryza sativa ClasslII Yes’ BAC76449.1

1) Kobayashi et al. (2000), 2) Schroder et al. (2003), 3) Todo et al. (1996), 4) Nakajima et al. (1998), 5) Todo et al.
(1997), 6) Yamamoto et.al (2001), 7) Ishikawa et.al (1999), 8) Petersen et al. (1999), 9) Hirouchi et al. (2003), 10)
Yasui et al. (1994), 11) Kato et al. (1994), 12) Ahmad et al. (1997) 13) Batschauer (1993) 14) Brudler et al. (2003) 15)
Li YF, Sancar A. (1991) *) Kanai et al. (1997) indicates an 8-HDF cofactor

When all the sequences were ready, the next step was to make a multiple alignment and
subsequently a phylogenetic tree, showing the evolution of the gene. Based on this tree, the
sequences were analysed to find the sites which were important for both the topology of the tree,
and the functional changes. These results were correlated to the known information about the
photolyase family.

3.2. Computer programs

To do the global alignment, the Clustal program (Higgins & Sharp, 1988) was used. This can be
found on the internet (http://www.ebi.ac.uk/clustalw/), or may also be downloaded and run from a
local computer (ftp.embl-heidelberg.de). In this project the local version were used; ClustalX v1.81
(Thompson et al. 1997). The algorithm ClustalX uses is in short to first do a pairwise alignment
between all sequences, and based on the calculated distance matrix generate a tree. This tree is then
used as a basis for the multiple alignments. The two sequences with the smallest distance is aligned
together, then the rest of the cluster, as indicated by the preliminary tree, is added, one sequence at
the time adjusting the previously aligned sequences with gaps together as a block. Any sequences
showing less than a preset value of homology to its group are delayed until the end. This value is by
default set to 30%, but may be changed by the user. When the program is set to return all sequences
in the order they were added, the delayed sequences can be seen at the bottom of the sequence
order. In this way they can easily be identified and taken care of, if needed.
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The subsequent phylogeny analysis was done with PHYLIP v3.6 (Felsenstein 2004) and Treepuzzle
(Strimmer and von Haesler, 1996). The programs PAUP (http://paup.csit.fsu.edu/) and Molphy
(Adachi and Hasegawa 1996) were used briefly to check the results of the phylogenetic analysis.

The editing and visualization of the sequences were done in the BIOEDIT
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html) program while the trees were drawn in Treeview
(http://taxonomy.zoology.gla.ac.uk/rod/treeview.html) and edited in the photoeditor of StarOffice.

To search for the specific sites in the alignment, a small program was written in Java.

The first alignment was done with the gap parameters set to its default values as used by ClustalX.
These were a gap open/gap extension cost of 10/0.1 and 10/0.2 for the pairwise and multiple
aligning respectively. The second alignment shows what happens when the penalty of introducing a
gap is raised to its maximum value (100/1 and 100/2). The cost for the extension of a gap is scaled
with the same factor as the cost for opening a gap. Then the first alignment was chosen to be the
most representative and used for further analysis, unless otherwise stated.

After the alignment, the next step was to generate a phylogenetic tree of the sequences. This was
done with the Trepuzzle program for both the generated alignments from above. The same was
done using the NJ program (NEIGHBOR) with the JTT protein substitution model (Jones et al.
1992) from the PHYLIP package. The alignment was also analysed with the bootstrap method from
PHYLIP using the programs SEQBOOT, PROTDIST, NEIGHBOR and CONSENSE.

The phylogenetic tree showed one interesting detail, the sequence from S. alba (CPDE 1) which
has photolyase activity, is grouped together with the plant cryptochromes. Since none of the
proposed plant cryptochromes gave any references to biological analysis of their function, an extra
cryptochrome sequence from A.thaliana (accession number NP-568461), with no photolyase
activity (Kleine et al. 2003) were acquired. This sequence was then given the ID CryE 10 and used
in a phylogenetic analysis together with the class I photolyase and plant cryptochromes.

Based on the groups found from the phylogenetic analysis and the known functionality as presented
in the sequence database, the sequence where first analysed to find the needed stringency for
correctly predicting the important residues for the photolyase function.

Then the sites that best corresponded with the phylogenetic clustering were then searched for. To
help with the analysis of the results, the N-terminal and C-terminal ends were shortened to where
most of the sequences had characters. These parts were mostly very poorly conserved. The analysed
segment of the multiple alignment was between and including position 200 and position 771 of the
original alignment.

3.3. Laboratory work

In addition to the theoretical part with analysing sequences from the sequence database, and attempt
was made to find the photolyase gene in cotton. By using primers designed based on conserved
areas of known photolyase sequences, part of the gene were to be amplified with the PCR reaction,
and potentially sequenced to try and observe any differences in the gene sequence.

3.3.1 Primers

Primers are constructed based on the information from mainly Oryza sativa (rice), and Arabidopsis
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thaliana. In addition Cucumis sativus (cucumber) and Spinaccia olacera (spinach) were used to get
an idea of the conservation of the chosen primer sites. Four primer pairs were designed; three based
on the rice sequence and one from the Arabidopsis sequence. One of the rice primers were taken
from an article on photolyase from rice (Hirouchi et al., 2003).

The primer sequences were as follows:

Rice:
HG11 5-CTAGAATGGACTAGTGGACCAGAAGA-3' fw
HG12 5-ACTTGGAAAGCTTGACTACAGGATT-3' rw
HG21 5'-GCTGATAAAAGAGAGCATATCTATACGAG-3' fw
HG22 5'-AATTCATGTAACGTATCTTTCCAAATACTG-3 rw
Arabidopsis:

HG31 5'-ACTAATGGATCATGCTTCAGATAAGAG-3' fw
HG32 5'-ATATAGACCACATGCACCCAACATA-3"rw

The fourth primer pair was designed by Hirouchi, et al. (2003):

HG41 5'-GCGTCGGCGAAGATGGAGTAT-3' fw
HG42 5'-CATCTCCAACTGCGATGCATTCCA-3' rw

All primers were manufactured by Invitrogen.

3.3.2. DNA templates

The first PCR was done with Arabidopsis as a control, tomato and cotton. Later, maize, cactus,
barley were also tried.

3.3.3. Expected PCR-product

The expected product is a part of the gene encoding the class II CPD photolyase. Due to having the
primers anchored in conserved areas of the gene sequence, only a part of the gene were to be
amplified. This part covers about 100-300 amino acids of the C-terminal end of the full gene.
Crystallographic analysis of a similar gene from E.coli have shown this to be the area of DNA
binding and also FADH binding. It is also the part of the gene that shows the most conservation
within and between species, in addition to be least riddled by gaps during alignment.

3.3.4. PCR

A standard PCR was performed with reactants as described in table 3.1.

Table 3.1: Reactants for the PCR reaction

Name Stock concentration Final concentration
Buffer 10x 1x

dNTP 10 mM 0,2 mM

Primer HG31 (forward) 10 uM 0,5 uM

Primer HG32 (reverse) 10 uM 0,5 uM

Taq (Fermentas #EP0405) 5U/ul 1,5U
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MgCl, 25 mM 1,5 mM

dH,O * *

*) Distilled water was added to adjust the final volume.

The PCR reactions were run on a PTC-200 (Peltier Thermal Cycler, MJ Research) with the program
shown in table 3.2.

Table 3.2: PCR program run on the PTC-200

Temperature [°C] Time [minutes] Cycles
Pre-denaturation 95 5 1
Denatruation 94 1

50 1 35
Elongation 72 1
Final elongation 72 10 1
Standby 4 Forever 1

The first PCR reaction was run with Arabidopsis, tomato and cotton in a 10 pl reaction (8 ul PCR
mix + 2 ul template). The amount of template DNA was as follows: Arabidopsis; 50 ng, 10 ng and
1 ng, tomato; 50 ng and 10 ng, cotton; 100 ng and 50 ng.

The next reaction was done with the same parameters but with some additional species and also
with the rest of the primers. The species, their amount of template DNA and the primer combination
were; Arabidopsis (1 ng DNA, primer pair 2, 3 and 4), tomato (50 ng, primer pair 2, 3 and 4),
cotton (50 ng, primer pair 2, 3 and 4), maize (~200 ng, primer pair 2 and 3), cactus (20 ng, primer
pair 2, 3 and 4), Einkorn (20 ng, primer pair 1, 2, 3 and 4), barley (12 ng, primer pair 1, 2, 3, 4) and
wheat (10 ng, primer pair 2, 3 and 4).

After the initial PCR reactions, it was decided to try and sequence the bands from Arabidopsis,
cotton and tomato. Another PCR reaction was set up the same way as before, with four parallels of
Arabidopsis ( 1 ng, primer pair 3) and five parallels each of cotton and tomato (50 ng, primer pair

3). Selected bands were removed from the gel and the DNA was extracted with the QIAquick Gel
Extraction kit (Cat.no. 28704).

3.3.5. Gel electrophoresis

The PCR products were separated on a small (40 ml) 1.2% agarose gel (40 ml 1x TBE, 4,8g
agarose, 0.5 pul EtBr), run at approximately 45 minutes at 80 V corresponding to a current of about
40-45 mA.

3.3.6. Sequencing

The sequencing PCR was performed with the BigDye Terminator kit (Applied Biosystems) version
2.0, using a dilution of % in the PCR reaction.

The final sequencing was done at IKBN.
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4. Results

4.1. Laboratory work results

The results from the first PCR are shown in figure 4.1.

Figure 4.1: PCR products with primer pair HG31 and HG32. The lanes consist of, from left to right;
Arabidopsis (50, 10 and 1 ng DNA template), tomato (50 and 10 ng DNA template), cotton (100
and 50 ng DNA template) and a 100 bp ladder.

Arabidopsis shows the expected band size in all tried dilutions of the template DNA. Both cotton
and tomato have gotten bands which may be the wanted results.

The next reaction where more species were added and the number of primer combination increased,
showed the same results as the first reaction in addition to positive indications from cactus and

maize.

The different DNA amplified for sequencing are shown in figure 4.3.
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Figure 4.3: PCR with Arabidopsis (lanes 1-4), tomato (lanes 5-7 and 9-10) and cotton (lanes 11-15).
Bands cut out for sequencing analysis are indicated.

Here the tomato sample has gotten a band at the same size as Arabidopsis, in addition to the
previously discovered bands.

The control reactions from Arabidopsis matched perfectly with the original sequence from the
database. There were some initial variation but a closer inspection of the raw data, as exemplified in
figure 4.4, removed this variation.

The PCR product for tomato showed initially a slight variation to Arabidopsis. A closer look at the

some of the ambiguous data points from the raw data, as shown in figure 4.4, resulted in the
assumed product from tomato being identical to the sequence extracted from Arabidopsis.

GGG{HHI I.HIICGI@.HGIIIHGGCHII.HIICC

DS

Figure 4.4: Raw data from sequencing reaction of PCR product from tomato. None of the letters N,
N and T (marked) have any support in the raw data and are removed. The third G in the beginning
is quite probably also not supported.
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The sequencing results from the cotton bands had too low signal strength to make any conclusions

from as shown in ﬁgure 4.5.

10 10 30 60 70 o
CGCAT GCAINGCATAAGCT CGC_CG-\GGG(_ AG ATCCTTITTTTTTNC NAAA TG/ NGAAAAAGATTTATTAGT CTGNAC

1gur4 5 The sequencm results from cotton band C3.
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4.2. Computer part

The results of the first alignments with differing gap cost parameters are shown in figure 4.6 and

4.7.

RﬁEIRLiEﬁ"

RODLERLEDNI
RROLRLGDNI
RROLELSDNI
RROILRLNDHIL
RREIRﬂﬂEﬂR

I T I I I I T A I A I I B A I A

RN RN RN RN RN
| | | | | |

¥l
]
N S SN S S e ST

IERROLRV EEY
MGONE

0
H
[
(5]
G0 G o B R 00 LD -

EXTInE TR

o
r
t
%]
H o

Figure 4.6: Multiple alignment of the downloaded sequences with parameters set to defadlt values;
pairwise gap open/gap extension: 10/0.1 and multiple gap open/gap extension 10/0.2. The figure
includes the first 50-60 amino acids of the gene.
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Flgure 4.7: Multlple ahgnment of the downloaded sequences with the gap open parameters set to
maximum values; pairwise gap open/gap extension: 100/1 and multiple gap open/gap extension
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100/2. The figure includes the first 50-60 amino acids of the gene.

The black line in each figure marks the end of what in the first figure is a rather conserved area. The
leftmost point of both figures is at the beginning of the conserved area.

Towards the C-terminal end of the alignment, the conservation was much better and the gaps were
fewer and smaller as shown in figure 4.8.
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Figure 4.8: The C terminal end of the alignment shown in figure 1 with default stringency in gap
placement.
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The full multiple sequence alignment from postion 200 to 771 are shown in figure 4.9.

28



CryE_1
CryE_5
CryE_2
CryE_3
CryE_4
64E_3
64E_5
64E_1
64E_2
64E_4
CimE_1
CimE_2
CimB_1
CimB_2
Ci8B_1
ci8B_2
Cc18B_3
C18A 1
CPDE_1
CryE_7
CryE_9
CryE_8
CryE_6
CryB_2
CryB_4
CryB 1
CryB_3
C2E_2
C2E_3
C2E_4
C2E_5
C2E_1
C2E_7
C2E_9
C2E_8
C2E_10
C2E_6
C2A 1

SRR EEERY
5

GVNAVHWFRK
VVNTVHWFRK
SASSVHWFRK
FCRSVHWFRR
RGANV IWFRH
SHNT ITHWFRK
RHNS THWFRK
RSTLVHWFRK
KVLLHIFNNR
GSGSL IWFRK
VSTVMHWFRN
RQAVVHWFKM
MTTHLVWFRQ
MPTHLVWFRR
---ILFWHRR
HPLILLWHRR
MSVAVVLFTS
--MQLFWHRR
NKKTIVWFRR
DKKTIVWFRR
AACTIVWFRR
SPSSMKRRRR
FKTAVVWFRR
QAPTIVLFRR

PPTVLVWFRN
MSYATVWFRR
DG-FLYWMSR
GG-VLYWMLR
QA-FVYWMSR
QA-FVYWMSR
LGGVVYWMSR
NGAVVYWMFR
LGPVVYWMFR
VGPVVYWMFR
GGPVVYWMLR
KGPVVYWMSR
GSYVVYWMQA

15 25
GLRLHDNP-- ——————- ALK
GLRLHDNP-- ——————- SLR
GLRLHDNP-- —=—=--- ALL
GLRLHDNP-- —-———--- ALQ
GLRLHDNP-- ——————- ALL
GLRLHDNP-- —————-- ALl
GLRLHDNP-- ————--- ALL
GLRLHDNP-- —-———--- ALS
HLRLKDNT-= —=————- ALY
GLRVHDNP-- ————--- ALE
DLRLYDNVGL YKSVALFQQL
DLRLHDNR-- --- SLWLASQ
DLRLHDNL-- —-=—=—-- ALAA
DLRLQDNL-= —=—=——- ALAA

DLRLSDNIGL AAARAQSAQL

DLRLNDHLAL AKARQKTAKI
DLRLHDNP-= ——————— VLR
DLRTTDNRGL AAAAPGVTAV
DLRIEDNP-= —————— ALA
DLRIEDNP-= ——————— ALA
DLRLEDNP-= ——————— ALI
RRGGGADG-- ———-——— GW
DLRVDDNP-= ——————— ALV
DLRMGDNA-— ——————— ALA
DLRLHDHEP- ————-——— LH
DLRLEDNP-= ——————— ALR
DQRVQDNW-— ——————— ALI
DQRVQDNW-- ——————— ALI
DQRVQDNW-—- ——————— AFL
DQRVQDNW-— ——————— AFL
DGRVQDNW-— ——————— ALL
DQRVRDNW-- ——————— ALI
DQRVKDNW-- ——=———— ALI
DQRLKDNW-= ——————— ALI
DQRLADNW-— ——————— ALL
DQRLADNW-— ——————— ALL
SVRSHWNH-- ——————— ALE

35 45
ECIQGADT-- ———- IRCVYI
DSILGAHS-- —--- VRCVYI
AAVRGARC-- —-—-— VRCVY I
AALRGAAS-- ———- LRCIYI
AALADKDQG- --IALIPVFI
AALKDCRH-- —--- 1YPLFL
AAMKDCAE-- ———- LHPIFI
HIFTAANAAP GKYFVRPIFI
QAMAQNPDK- —---FYAVY
YASKGSEF-- —--- MYPVFV
RQKNAKAK-— ———- LYAVYV
KAKEAGVP-- ———- LICLYV
ACRNSSAR-- ———- VLALYI
ACRDASAR-- —--- VLALYI
1G-——mmmm —mmmm LFC
Y/ —— VFC
AALRDADE-- ---- VVPLFV
DGGHDQGP-- —--- VAAVFC
AAAHEG-S-- ----VFPVFI
AAAHEG-S-- ----VFPVFI
AAARAG-T-- ———-VVPVFV
QAGPAR-G-- ----GQPALA
AALAAAPN-- ———- VIPVFI
AAAERGVP-- ———- VVALY
RALKSGLA-- —--- ITAVYC
AALDAGHD-- ---- PIPLYI
YAQQLAL--- —- AEKLPLHI
RAQQLAA-—— —- KESLPLHV
YAQRLAL--- —- KQKLPLHV
YAQRLAL--- —- KQKLPLHV
FAQRLAL--- —- KLELPLTV
HAVDEAN--- —- KRNAPVAV
HAVDEAN--- —- RANVPVAV
HAVDLAN--- —- RTNAPVAV
HAAGLAA--- —- ASASPLAV
HAIEAAQGA- --AGSSQVAV
YAIETAN--- —- SLKKPLIV

55 65
LDPWFAGS-- —-—-———-—- SNV
LDPWFAGS-- —---——- SNV
LDPWFAAS—- ——————- ssv
LDPWFAAS—- ——————— SAV
FDGESAGT-- ——————- KNV
LDPWFPKN-= ——————- TRI
LDPWFPKN-= ——————— MQV
LDPGILDW-- ——————- MQV
FDGFDSKP-- ————————— v
IDPHYMESDP SAFSPGSSRA
INEDDWRA-- ——————- HMD
LSPEDLEA-- ——————- HLR
ATPRQWAT-- ——————-— HNM
STPAQWQA-- —————--— HDM
LDPQILQS-- —------ AD
LDNKILQA-- ——————- EDM
RDDAVHRA-- ——————- GFD
FDDEVLAH-- ——————- A-—
WCPEEEGQ-- ----—-- EYP
WCPEEEGQ-- ------- EYP
WSPAEDGQ-- ------- EHP
AAARAAGE-- ------- VGA
WAPEEEGQ-- ------- FQP
LDETTKGL-- ——=———- RAM
LDETAG--—— ——————— RAP
YDPRQFAQTH QG----FAKT
DAPHEEGQ-- ------- WAP
CFCLVP-=== ———————— RY
CFCLVVP--= ———————— KS
CFCLAP-——= ———————— CF
CFCLAP-——= ———————— CF
VFCLVP--—= ———————— KF
PN = c F
AFNLFDR-—- ————————— F
VFNLFDQ--- —-———————- E
AFALFPRP-- ———————- EL
AFNLVPA-—= ————————— E
VFGLTDD--- ————————— F

SRR EEER
75

GINRWRFLLQ
GISRWRFLLQ
GINRWRFLLQ
GINRWRFLLQ
GYNRMRFLLD
GINRWRFLIE
SVNRWRFLID
GANRWRFLQQ
APVRWQFLID
GVNRIRFLLE
SGWKLMF IMG
APIRVDFMLR
SPRQAEL INA
APRQAAFISA
APARVAYLQG
APARVAYLLG
APNPLAFLAD
APPRVAFMLD
GRASRWWMKQ
GRASRWWMKQ
GRVSRWWLKQ

GRCSRWWSKH
GAASRWWLHH
GGAARWWLAQ
GPWRSNFLQQ
GAASRAWRHR
LDATYRQYAF
ELSTLRHYSF
LGATIRHYDF
LGATIRHYDF
LNATIRHYKF
KGANARQLGF
LGAKSRQLGF
LDAKARQLGF
LSARRRQLGF
LGAGARQFGF
PNANSRHYRF

SRR EEER
85

CLEDLDANLR
CLEDLDASLR
SLEDLDTSLR
SLEDLDNSLR
SLQDIDDQLQ
ALKDLDSSLK
ALKDLDENLK
TLEDLDNQLR
CLEDLKEQLN
SLKDLDSSLK
ALKNLQQSLA
TLEVLKTDLE
QLNGLQIALA
QLNALQTALA
CLQELQQRYQ
CLQSLQDHYQ
CLAALDAGLR
ALAALRERYR
SLAHLRQSLK
SLAHLSQSLK
SLTHLELSLK
GAGGGRAVLP
SLVDLQQALA
SLAALGDLLR
SLRALGAEIA
SVQNLAESLQ
SLAALDASLR
MLKGLQEVAK
LLKGLEEVQK
MLRGLEEVAE
MLRGLEEVAE
MMGGLQEVEQ
MLRGLKLLQA
MLRGLQQLQH
MLKGLRQLHH
LLRGLRRLAA
MLRGLRQLAP
LIEGLRDVRS

Figure 4.9: Multiple alignment of the 38 sequences from the photolyase/blue-light photoreceptor family
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4.3. Clustering results

The resulting phylogenetic trees based on the multiple alignments are shown in figure 4.9.

Plant cryptochromes
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CryE 5 cryptochrome
CryE 7 Cryg 1

ClmE 2
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Class II

Figure 4.9: The phylogenetic trees from the alignments in figure 4.5 and 4.6 respectively. The trees
were generated with the Treepuzzle program.

The reliability of the results shown in figure 4.9, left panel, was assessed with the bootstrap method
in the PHYLIP package as shown in figure 4.10.
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Figure 4.10: Bootstrap tree from the alignment shown in figure 4.5. The tree is generated with the
SegBoot, ProtDist, Neighbor, and Consense programs of the PHYLIP package. The bootstrap
values are out of 1000 replicates.

This figure shows more or less the same clustering as figure 4.9. Two notable exceptions are the
sequence C18B_3 which is closer to the plant cryptochromes instead of the class I photolyases and
the sequence CryB 1 which are closer to the (6-4) photolyases than the plant cryptochromes. The
same analysis done without the CryB 1 increased the bootstrap value for the class I group to 68%.

These results were checked with parsimony in PAUP and maximum likelihood (ML) in Molphy,
the results were for the most part the same.

The phylogenetic tree with the additional cryptochrome from Arabidopsis showed the new
sequence clustering together with the CryB_1 sequence and not together with the rest of the plant
cryptochromes. Otherwise the phylogeny showed the same results.

4.4. Search for functional sites

The results of comparing number of conserved sites from the two analysed alignments are presented
in table 4.4.
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Table 4.4: The number of conserved sites in the alignment. The alignments refer to the ones
mentioned under the alignment results above, and the A and B columns are, respectively, with and
without the most divergent sequences as indicated by the ClustalX (CryB_1 and 64E_2). The strong
and weak conservation are the same as used in the ClustalX program.

Alignment 1 Alignment 2
Gap open parameters (pairwise/multiple) 10/10 100/100
All characters equal 4 0
Strong conservation" 6 2
Weak conservation”’ 11 4

1)  STA, NEQK, NHQK, NDEQ, QHRK, MILV, MILF, HY, FYW
2) CSA, ATV, SAG, STNK, STPA, SGND, SNDEQK, NDEQHK, NEQHRK, FVLIM, HFY

The reduction of conserved sites from the first alignment to the second is obvious. Using alignment
1, the conservation within and between the different classes is shown in table 4.5.

Table 4.5: Number of sites conserved within each class. Numbers shows the accumulated sites, in
parenthesis are the sites added with each group.

Equal Strongly conserved | Weakly conserved
1) (6-4) photolyase 87 178 (91) 235 (57)
2) animal crypochromes 195 299 (104) 354 (55)
3) Class I photolyase 76 132 (56) 146 (15)
4) Class II photolyase 121 187 (66) 204 (27)
5 ) Plant cryptochromes 58 100 (42) 122 (22)
6) Class I and plant cry 34 68 (34) 79 (11)
7) (6-4) and animal cry 66 103 (37) 180 (77)
8) Class I, (6-4) and both cry 18 36 (18) 50 (14)
9) Class I, plant cry and class 11 7 18 (11) 31 (13)
10) (6-4), animal cry and class II 10 39 (29) 53 (14)

The positions of the fully conserved sites are shown in figure 4.11.
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Figure 4.11: Graphical presentation of the results from table 4.5, showing the distribution of the
conserved sites along the protein.
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The amino acids suggested to bind to the FADH cofactors (Park
etal. 1995) are; 310, 311, 312, 313, 314, 355, 362, 423, 458,

[P

"y 460, 463 and 464 (figure 4.12).

o= The positions of the conserved sites for the whole alginment are;
Sir s fully conserved: position 314, 320, 406 and 460, strongly

EaE conserved: position 313, 322, 359, 412, 503 and 505, and weakly
Cime 1 conserved: position 100, 280, 317, 362, 404, 417, 422, 433, 438,
Cimp 1 469 and 498.

Another useful feature of the photolyase mechanism is the triple
tryptophan chain analysed by Byrdin et al. (2003), these sites are
at positions 390, 445 and 470. At all these three sites every

4

I

Il
(SN

5 h

é‘ sequence except the ones in class Il shows a tryptophan residue.
]
3 The locations for the class I photolyase and (6-4) photolyase
S complete conservationon is shown below.
C2E 2 314, 320, 362, 390, 406, 407, 409, 412, 441, 445, 448, 460, 467,
C2E 2 468, 470, 498, 504, 546.
Ei; 1 LSHHMSVHEEDD

Figure 4.12: The five sites shown to bind FADH in the photolyase protein, these are sites
310, 311, 312, 313, 314, 355, 362, 423, 458, 460, 463 and 464 from the full alignment (Appendix
A).

The results from the search for tree determinant positions for the node separating the three main
groups yielded 9 sites; 310, 404, 411, 426, 432, 454, 469, 493 and 494. Visual inspection of the
sites indicated that only those five in bold are useful for classification of the three groups.

This search method was also tried out on different parts of the tree as indicated in table 4.6.

Table 4.6: Number of tree determining sites based on the phylogenetic tree.

Stringency level

1 (high) | 2 3 4 (low)
Class I vs. Class 11 5 21 (16) | 37(8) 45 (10)
Class I vs. (6-4) 0 303 13(10) |21 (8)
Class II vs. (6-4) 6 23 (17) | 46 (23) | 55(9)
(6-4) photolyase vs. animal cryptochromes 0 2(2) 13 (11) |48 (35)
Class I CPD photolyase vs. plant crytochromes 0 0(0) 1(1) 10 (9)
(6-4) photolyase and animal cryptochromes vs. class II 6 22 (16) | 36(14) | 45(9)
CPD photolyase
Class II CPD photolyase vs. class I CPD photolyase and 1 11 (10) | 16 (5) 23 (7)
plant cryptochromes
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*) 1: Both groups nonvariant and not equal

2: Both groups strongly conserved and not in the same strongly or weakly conserved category

3: Both groups at least weakly conserved and not in the same strongly or weakly conserved category
4: Both groups at least weakly conserved and not in the same strongly conserved category

The positions and residues of the first split shown in table 4.6 are presented in table 4.7.

Table 4.7. The amino acids at the positions indicated by the most stringent level in the analysis
between class I and class II as shown in table 4.6.

Position referring to the column in the multiple alignment
Group name 310 390 415 435 482
Class I T \ M F P
Class 11 L D Q K W

A last approach to possible important sites are those which show conservation in one group, but
seems to be under neutral control in another group. These sites are shown in table 4.8

Table 4.8: Positions in the alignment showing conserved sites in one group and no conservation in
another group.

Conserved group Unconserved group Conservation level of first group

High Middle Low
Class I Plant cryptochromes 27 61 (34) 67 (6)
(6-4) photolyase Animal cryptochromes 10 25 (15) 42 (17)

*) The group is neither identical nor strongly or weakly conserved.
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5. Discussion

5.1. Introduction

This thesis used the multiple sequence alignment of several photolyase and cryptochromes as a
basis for suggesting functional sites. These sites would either be the ones important for the common
function, such as the binding of the FADH cofactor, or they would be the ones making the
difference in function between the groups. Due to looking at single sites within the alignment, and
drawing conclusions on the specific amino acids present at that site, any mistakes made in the
sequencing reaction of those who provided the original sequences to the database will be
problematic. The analysis shown in the results part of this paper are based on the assumption that all
the sequences downloaded are correct, and that any changes therefore are the result of a mutation in
the respective gene. This lead to some difficulties when in a clearly conserved area, one or two
proteins showed little or no homology with the rest. These sequences could then be taken as an
indication that the function located in that area was not vitally important to the protein, or that those
few proteins had developed a new way of doing that function. Since there was no clear indication
that any of the sequences could be ignored, all the analysis presented here are the results of looking
at all the downloaded sequences.

5.2. Laboratory work

From the sequence the primers were designed from the expected size was 596 bp. The single band
in the lanes with Arabidopsis matched the size of the expected sequence fragment from the gene.
The obtained sequence confirmed this conclusion and the principle worked. The PCR reaction with
cotton also resulted in a band of about the same size as that for Arabidopsis. In addition to this
band, cotton also showed a second band of about 1000 bp. It would have been interesting to
sequence both bands and find out if they really were from a potential photolyase gene in cotton, or
just a chance product based on the random matching of the primers to the template DNA. If the
bands would have been shown to be from the photolyase gene, this could mean that cotton had two
versions of the intron pattern in the gene sequence. Since the cotton used here is a tetraploid, it may
be possible that the two genomes have different versions of the gene.

The work in the laboratory didn’t yield as much as hoped, but the principle of amplifying a gene
based on a primer pair designed from conserved areas at least worked out. With future research the
primers can be optimized based on more closely related species to the one analysed, or via the use
of degenerate primers. The primer pair designed from Arabidopsis gave a product in samples from
cotton, tomato, cactus and maize. All the product sizes were between ~600 bp and ~1000 bp, which
can be explained with a difference in the intron lengths if the products are all part of the photolyase
gene.

5.3. Aligning the downloaded sequences

The figures from the first two alignments show why correct gap costs are important. When the gap
penalty is set to high, on area in the beginning of the protein is not shown as being conserved over
all the sequences. Whereby this area is clearly conserved when the gap cost are lowered. The
reason for this comes from the fact that the area right after the first conserved block are very poorly
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conserved and requires several gaps to line up properly. When the placement of gaps are too strict,
the penalty for introducing the required gaps will not be outweighed by the conserved area since it’s
no more than about ten amino acids wide. The end of the alignment before the C-terminal
extensions begin, the conservation are showed to be much greater, here the alignments are more
similar since the positive effect of aligning conserved residues outweighs the gaps necessary to
make the right matches, even when the gap penalty are high.

A closer inspection shows however that the structures from the first alignment are, with some
exceptions, retained within each group in the second alignment. This is because the divergence
times within the groups are small enough to not having caused too many changes, therefore the gaps
needed are fewer and shorter, and the alignment score gets a lot higher with only these few gaps.

The alignments also show a couple of other things happening. The order of the species changes
slightly in the output file. This is due to the fact that ClustalX orders the sequences after their
pairwise similarity and subsequent clustering, which means that the similarities score between some
species have been reduced. This is caused by the same effect as described above; when the
sequences require a larger number of gaps to line up properly, a high gap penalty will tend to cause
the lowering of the similarity score since the aligning of two almost similar amino acids with no
gaps will be favoured over the aligning of two identical amino acids with a gap. This phenomenon
can be seen when looking at the end of the sequence order where the sequences differing by more
than 70% from any other sequence or group of sequences are placed. The alignment with high gap
penalty contains nine of these sequences while the first only contains two.

The problems with exceptions in conserved areas are also clearly showed. Four sequences (64E 2,
CryB1, C2A 1 and CryE_8) vary to a greater or lesser extent from the consensus sequence in the
first 20 amino acids of the protein. One sequence (CryB_4) does not have that area at all. While the
rest of the sequences show such conservation that without these exceptions it would have been
taken as important, these five either shows that they have managed without that part, or that the
conservation is not coupled to a specific function. An automated analysis of the sequences might
well overlook this area, dependent on the level of stringency for the search, even though it seems to
be potentially important. From the research done with the photolyases, this area has been shown to
contain the second cofactor which, although it increases the effectiveness of the protein, is not
strictly necessary. The explanation for these five proteins may therefore be that they don’t use the
second cofactor, or that they have acquired a different way of binding it.

While the liberal placement of gaps in some areas are needed to make the alignment correct, it
makes it easier to slide residues by hand to improve the alignment. This might introduce an
unwanted bias and should probably be avoided unless it’s fairly obvious that the alignment program
has made a mistake.

Looking at the types of gaps present indicates that most of them are caused by insertions. This is
because most of the gaps are placed in all but a few sequences, usually only one. This is what one
would expect if an insertion happened in one sequence during the evolution. A deletion would show
up as a gap in the affected sequence only. In some cases however, the gap includes all sequences of
a group and in this case, the gap might be an important factor for the functionality of that group.

When constructing phylogenies from sequences, the presence of gaps must be taken into
consideration in some or other way. Unlike substitutions there has as yet not been given any clear
probability measure of when gaps occur. Therefore, including gaps in distance calculations or tree
building is quite difficult. One approach is to treat the gap as an extra character state, taking into
consideration the problem with gap opening versus gap extension. This approach works best when
only considering the number of mutations in a given tree as is the basis for parsimony. The other
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approach is to ignore any site that contains a gap. This is probably the best when the gap obviously
is caused by an insertion in one, or only a few sequences. In this case, only the information
concerning the relationship between the sequences having the insert is reduced.

When one is trying to infer the functional difference between two sequences, the gaps are more
important than with the phylogenetic analysis. Since a change in function can be caused by
insertions and deletions, which distorts the active site of the protein, just as well as a substitution of
the important residue(s), all the sites have to be considered for such an analysis.

When looking at the multiple alignment, any extensions to the proteins will show up before or after
the main part of the gene. The class II CPD photolyse group are clearly shown to have an N-
terminal extension of about 70 to 200 amino acids. Additionally the two eukaryote class I CPD
photolyase sequences also have an N-terminal extension of ~70 and ~130 amino acids. The
presence of an N-terminal extension seems therefore to be an indication of a CPD photolyase from
an eukaryote.

At the other end, the C-terminal part of the protein, the cryptochromes from plants and animals
have a clear extension. The length varies considerably from about 100 to about 400 amino acids.
The 6-4 photolyase also seems to have an extension of somewhat smaller length, about 20-40 amino
acids. The C-terminal extension of the cryptochromes has been proposed to affect the cellular
transportation of the protein.

Because the alignment programs usually are not perfect, some editing by visual inspection may be
necessary. This usually is the case in the vicinity of gap edges, especially in the areas of the
alignment with most gaps. In this part of the alignment, the conservation is usually low, and the
aligning of amino acids become more uncertain. If manually editing an alignment, it is necessary to
be careful and just fix the most obvious problems, otherwise false positive results may be
introduced in addition to the research being difficult to replicate. The presence of many gaps in an
area may be taken as an indication that it does not contain any vital function to the protein. The
results from the photolyase also show that the areas with fewer gaps contain more conserved sites.

When comparing the alignment from figure 4.9 with the alignment of figure 1 in the appendix, it
can be seen that the alignment of the class II CPD photolyase is not the same. For some unknown
reason the sequences of this class have been aligned slightly different to the rest of the sequences.
This shows the problem with the reproducibility of sequence alignments. If any of the parameters of
the alignment program, even the program itself, are changed, the resulting alignment may not be
quite the same, and the results made based on this alignment is not directly comparable. In this case
there are over 500 columns in the alignment when shortened to a practical level, and it is fairly
impossible to manually check the alignments to find out exactly what the changes are.

5.4. Clustering results

All the phylogenetic trees show at least three main groups clearly indicated; the class II CPD
photolyase, the 6-4 photolyase and animal cryptochromes, and the class I CPD photolyase and plant
cryptochromes. Looking at figure 4.9 from the standpoint of not knowing the different functions
and proposed evolution, the following points can be observed.

The same conclusions as were drawn from the Treepuzzle program apply to bootstrap analysis of
the NJ method as well. The supporting values for each branch vary slightly but otherwise the tree is
the same, with some exceptions. These exceptions are; CryB_1 which seems to appear closer to the
6-4 photolyase group, C18B 3 which are put together with the plant cryptochromes and the support
values within the class I CPD photolyase group. The low bootstrap value for the class I group
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(29%) is probably because of the CryB_1 which, according to the sequence database, should be
placed with the class I and not with the 6-4 photolyase. This is supported by the fact that the
bootstrap value for the 6-4 group with CryB 1 is 56% while the same group without CryB 1 is
96%. The NJ/bootstrap tree also shows the sequences using MTHF as a second cofactor as one
group with a support of 99%, which in the Treepuzzle tree were shown as two groups. These
differences show that several programs should be used to get a consensus on what sequences belong
together.

One quite interesting observation is the placement of the sequence from Sinapis alba. This protein
has been shown to have photolyase activity (Batschauer, 1993), yet it is consistently grouped
together with the plant cryptochromes (Cashmore et al. 1999; Kobayashi et al. 2000; Kleine et al.
2003), specifically CryE 7, the cryptochrome from Arabidopsis thaliana. While this sequence
seems to be referred to as a cryptochrome in all articles sited here, no mention of its photolyase
activity has been found.

The identity between these two sequences is 74%, with most of the difference caused by a C-
terminal extension in the Arabidopsis sequence. Without this extension, which seems to be a
common property amongst cryptochromes but not in the photolyases (Ahmad et al. 1998), the
sequence identity is 90%.

Possible conclusions of these results are; a mistake may have been made in the test of photolyase
activity for the S.alba sequence, or else the phylogenetic clustering of cryptochromes is not able to
separate between photolyases and cryptochromes in all cases. In the latter case, and if the
cryptochrome from Arabidopsis really is non-repairing, then the 10% difference between the two
sequences must contain the switch between the two functions (cryptochrome and photolyase).

When looking at just the different sites within the conserved region of the matchup between the
sequence from Arabidopsis and the S.alba sequence, 10 sites were discovered

The phylogenetic results can also be analysed without the prior knowledge of function. In that case
the results would look like the following. The group of class II CPD photolyase is obviously set
apart from the rest. This group seems to contain three groups: C2E 1 through C2E 5, C2E 6
through C2E 10 and C2A_1. While the functional properties of the class II has yet to be
determined, this grouping makes sense, since it corresponds to animals, plants and archaebacteria
respectively. The 6-4 photolyase and animal cryptochrome group is not clearly different. Without
knowing the difference, this group would have to be taken as one. The class I CPD photolyase and
plant cryptochrome group consists mostly of small groups with no clear internal ordering. The only
exception is the cryptochrome group that stands out, which in addition to plant cryptochromes also
contains bacterial cryptochrome, although it lacks one of the cryptochrome sequences (CryB_1).

The phylogenetic analysis shows mostly what was expected based on the previous works on these
sequences. The class IT CPD photolyase is one group, the 6-4 photolyase and the animal
cryptochromes form another group and the class I CPD photolyase and plant and bacterial
cryptochromes form the last group. The main difference is that the 6-4 photolyase and the animal
cryptochromes do not form distinct groups within their common group. This indicates that the
difference in sequence causing the functional divergence is not caused by any clear changes, or that
neutral evolution has masked the changes.

Compared to the article by Kanai et al. (1997), the clustering shown here is more clear on there
being three groups, with the plant cryptochromes and the class I photolyase belonging to one group.
Also the ML tree from this article shows the group of sequences using 8-HDF as spread out in the
tree, with no clear differentiation between the (6-4) photolyase and the class I photolyase. Based on
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the variability present in the sequences shown in this thesis, the differences in the ML tree from
Kanai et al. (1997) may be due to the choice of sequences. The results from using the ML program
from the Molphy package showed that three of the 8-HDF sequences grouped together, with the
fourth appearing alone.

5.5. Search for functional sites

The final step in this analysis, and the final goal, was to search the alignment for the functional sites
causing the different functions of the protein groups. The first part here is the division into the
functional groups; class I photolyase, plant cryptochromes, (6-4) photolyase, animal cryptochromes
and class II photolyase. From the phylogenetic analysis it seems clear that only four of these five
groups can with any certainty be classified based solely on the phylogeny without any prior
knowledge. The separation that has been shown between (6-4) photolyase and animal
cryptochromes are not possible to infer from the figures shown in this report. This could however
be fixed with the addition of more sequences since the phylogenetic results also show that each
class has one or more sequences that differs from the rest with an appreciable amount. In the
sampling of the (6-4) photolyases, the most differing sequences may have been collected, leading to
the results shown in this report, where the (6-4) photolyase sequences are not shown to be more
similar to each other than to the animal cryptochromes.

Since all sequences are expected to use FADH as a cofactor, this would probably mean that the
binding site should be conserved in all sequences. Using the conservation scheme found in the
ClustalX program based on the positive scoring groups of the Gonnet250 substitution matrix, the
multiple alignment were screened for sites showing either full conservation or some conservation.
The requirement of allowing even weakly conserved sites may not be suitable from a biological
viewpoint, since the requirement of active sites in some cases are rather strict. An amino acid
functioning as an electron donor may not be easily replaced, unless the new amino acid also has the
ability to transfer electrons. The low level of stringency were added however to see how many
indicated sites appeared with each level of stringency.

The results when looking at conserved sites show 21 potential sites total with any level of
conservation. When compared to the sites shown to bind FADH through crystallographic mapping
of the enzyme and mutational research, only 5 out of the 10 functional sites are found among the 21
conserved sites; position 310, 313, 314, 362 and 460. This result shows that, for these genes at least,
it would be difficult to pinpoint the active sites just by looking at conservation of amino acids.
Particularly since several sites not included in the binding sites show more conservation than those
that are included. These sites were picked based on all the amino acids being at least weakly
conserved.This number does not increase significantly when looking at subsets of the total
alignment, although the number of possible sites increases.

The method of electron transport to the FADH molecule has been determined to be the three
tryptophan residues at positions 390, 445 and 470. These sites corresponds to position 307, 360 and
383 local to the E.coli sequence, which is off by one position compared to the coordinates
mentioned by Byrdin et al. (W306, W359, W382). Unlike the FADH sites, these three sites were
completely conserved across every sequence except for the sequences in the class II photolyase
group. These results indicate that the electron transfer chain is more conserved than the residues
binding to FADH.

This leads to the conclusion that the sequences may either have had a change in the structural

conformation making the structural information from the E.coli (class I CPD photolyase)
uninformative for any of the other groups, or it could be that the similarity between especially the
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class II photolyase group and the rest that the alignment becomes too unreliable. Otherwise, the
conservation groups of the amino acids may be wrong for this kind of analysis, or mistakes may be
appearing in the sequences. This is indicated with the comparing of the alignment in this report
(figure 4.9), and the alignment made by Kanai et al. (1997) (figure 1 in the appendix).This shows
that the class II photolyase, at least, are not aligned in the same way. There are quite possibly other
differences, but it shows the importance of having a good alignment when doing this kind of
analysis.

Another point of interest when looking at a multiple alignment like this, are the positions that
caused the split at each node. The first thing to look for will be positions which are conserved
within each group originating from the particular node, but not conserved across the groups. The
stringency for this search could at its lowest practical level be set to contain all sites where each
group is at least weakly conserved, and the conservation between groups at most strongly
conserved.

Searching for sites showing potentially functional divergence between the different groups, gave a
list of possible sites. The total number varied based on the criteria used in the search. The least
stringent criterion used was that each proposed group should at least be weakly conserved, and that
there should be no strong conservation between each group. The results from the main node
separating the three groups showed five sites which could, to a certain degree, be used to separate
the groups. One of these five sites corresponded with a FADH binding site and could in that respect
be the cause of changes in those proteins. The further analysis of the splits yielded a good deal more
sites, depending on what level of conservation is expected or wanted. One example is the difference
between the class I and class II photolyase groups. Five sites in the alignment are completely
conserved with a different amino acid for each group. The five changes are; threonin (hydrophilic)
changes to leucine (hydrophobic), tryptophan (hydrophobic) changes to aspartate (hydrophilic),
methionine (hydrophobic) changes to glutamine (hydrophobic), phenylalanine (hydrophobic)
changes to lysine (hydrophilic) and proline (slightly hydrophilic) changes to tryptophan
(hydrophobic). Since four out of five of these changes are from a hydrophilic residue to a
hydrophobic (or the opposite), there is at least a possibility of these sites being the cause of a
change in function. This, as has been mentioned before, assumes that the two compared groups
have been aligned properly.

The last possibility for functionally interesting sites is the case when one group shows conservation
at a position while another group, which has lost the function, shows no conservation. For the latter
group the site should show characteristics of being under a different regulation than for the former
group. The search for this kind of change is based on the assumption that a mutation at a site
resulting in the loss of function is not necessary the new active site for the new function. In that
case the site may be less regulated than the corresponding position in the original protein.
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6. Conclusion

The goal of this thesis was to look at the possibilities of finding the sites in a protein sequence that
either were directly involved in the function of the protein, or else caused the change in function
between to functionally different proteins. This was exemplified by the photolyase blue-light
photoreceptor (cryptochrome) family. Part of the thesis was working in the laboratory trying to find
the photolyase gene in a species based only on the sequence information of the gene as found in
other species. The results clearly indicated that this principle quite likely would work. It also
indicated a possible photolyase homolog in cotton, tomato, maize and cactus. Further research is
needed to establish whether these are false indications or not.

The principle of searching for functional importance from a multiple sequence alignment seems to
be a possibility, at least from a theoretical point of view. It is quite natural to assume that if an
amino acid shows a higher degree of conservation than most of the others across several duplication
events and speciation events, then there is a good chance this site has an important function.
Finding these sites is a matter of screening the columns in the multiple alignment matrix.

However, the results from this project show that the photolyase and blue-light photoreceptor family
may be too divergent for this method to work properly. While the three residues important for the
electron transfer (Byrdin et al. 2003) were conserved in all but the sequences of the class II
photolyase group, this was not the case for the residues binding to FADH. Here, some of the
functional sites showed less conservation than other presumably more neutral sites. There is also the
question if this kind of analysis would require a higher level of sequence identity, making the
alignment less difficult and increasing the chance that all groups line up correctly with each other.

When it comes to figuring out the sites for functional divergence, the level of mutations also makes
the assumption underlying the algorithm less good. It was assumed that the interesting sites for
functional divergence were sites that would be strongly conserved in each group. With the amount
of changes shown in all parts of the sequence, it seems the stringency for such a search has to be set
so low that it will come up with too many possibilities.
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7. Future possibilities

Future work on this project would, at one time or another, need some biologic testing to see if the
sites indicated are important or not. This could be done by causing point mutations at specific sites
and observe any changes in the response to UV damage. This method have been used by Hitomi et
al. (2001), to show that two histidines in the (6-4) photolyase plays an important role, since the
repair ability dropped to almost nothing when these sites were mutated to alanine. Doing the same
thing to the proposed sites from this thesis could give an indication on the usefulness of these
methods for searching the alignment.

One example where this kind of analysis might be useful is the classification of resistance genes.
These genes contain several different kinds of resistance, depending on what’s attacking at any
given time. This might be intruders such as fungal, bacterial, nematode and viral pathogens. Since
the intruders come in many different sizes and shapes, the resistence genes has to be able to detect
several types of danger. One of the detection modes is a Nucletide Binding Sequence (NBS) that is
a common characteristic for the resistance genes (Lee et al. 2003). Shirasu and Schulz-Lefert (2003)
have shown that the resistance genes contain areas which are quite similar across different types of
resistance genes. If the method from this project would work out, these resistance genes could be
classified by a couple of amino acids in important spots for either functional divergence or tree
determinant positions. Especially the resistance mechanism of killing the affected cell (the often
called hypersensitive responses (HR) cell death) seems to appear in rather different resistance
genes. Since the mechanism is so alike, it is possible that the underlying sequence information will
be similar as well. Homologous genes isolated from species where the genome still is unknown,
could be easily classified by sequencing the part of the gene where the required DNA is present. By
making and analysing a multiple alignment it should be possible to show the sites which are
conserved across species and also between functions thereby giving a hint to potential sites for
doing point mutations later on.
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Appendix A: The article by Kanai et al. (1997) that inspired this thesis.

51



I Mol Evol (1997) 45:535-548

OLECULAR
EVOLUTION

© Sprmger-Verlag Mew York Inc. 1997

JOURNAL OF

Molecular Evolution of the Photolyase—Blue-Light Photoreceptor Family

Satoru Kanai,l Reiko Kiklmo,l Hiroyuki Toh,1 Haruko R}'o,: Takeshi Todo?

! Department of Bioinfomatics, Biomolecular Engineering Research Institute, 6-2-3, Furuedai, Suita, Osaka, 565 Japan
? Department of Radiation Biology, Faculty of Medicine, Osaka University, 2-2 Yamada-oka, Suita, Osaka, 565 Japan
3 Radiation Biology Center. Kyoto University, Yoshida-konoecho, Salkyo-ku, Kyoto §06-01 Japan

Received: 23 October 1996 / Accepted: 1 Apnil 1997

Abstract. The photolyase—blue-light photoreceptor
family is composed of cyclobutane pyrimidine dimer
(CPD) photolyases, (6-4) photolyases, and blue-light
photoreceptors. CPD photolyase and (6-4) photolyase are
involved in photoreactivation for CPD and (6-4) photo-
products, respectively. CPD photolyase is classified into
two subclasses, class I and II, based on amino acid se-
quence similarity. Blue-light photoreceptors are essential
light detectors for the early development of plants. The
amino acid sequence of the receptor is similar to those of
the photolyases. although the receptor does not show the
activity of photoreactivation. To investigate the fune-
tional divergence of the family, the amino acid sequences
of the proteins were aligned. The alignment suggested
that the recognition mechanisms of the cofactors and the
substrate of class I CPD photolyases (class I photolyases)
are different from those of class II CPD photolyases
(class II photolyases). We reconstructed the phylogenetic
trees based on the alignment by the NI method and the
ML method. The phylogenetic analysis suggested that
the ancestral gene of the family had encoded CPD pho-
tolyase and that the gene duplication of the ancestral
proteins had occurred at least eight times before the di-
vergence between eubacteria and eukaryotes.

Abbreviations: UV, ultraviolet; CPD, cyclobutane pyrimidine dimer;
(6-4) photoproducts, pyrimidine (6-4) pyrimidone photoproducts;
FAD, flavin-adenine dinuclectide; MTHF, 3. 10-methenvltetrahy-
drofolate; 8-HDF, 8-hydroxy-5-deazaflavin; NJ, neighbor-joimng: ML,
maximum likelihood; AIC. Akatke information criterion
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Introduction

UV light induces DNA damage such as CPDs and (6-4)
photoproducts. Corresponding to the damage, there are
two types of DNA photolyases. One of them specifically
exerts the activity on CPD whereas another repairs only
(6-4) photoproducts (reviewed by Sancar 1996). The
former is called CPD photolyase and the latter (6-4) pho-
tolyase. The amino acid sequences of the two enzymes
are similar to each other (Todo et al. 1996), although the
chemical structures of their substrates are quite different
(Brash 1988: Mitchell and Nairm 1989; Taylor 1995).
CPD photolyases are divided into two subclasses,
class T and II, based on the sequence similarity, which is
here referred to as class I photolyases and class II pho-
tolyases, respectively. CPD photolyases contain two
types of cofactors. One of them is two-electron—reduced
FAD, which acts as the active-site cofactor. Another co-
factor 1s MTHF, or 8-HDF. which acts as the photoan-
tenna. Based on the kind of photoantenna, class I pho-
tolyases are further divided into two subgroups, which
are here denoted as MTHF-type photolyase and 8-HDF-
type photolyase, respectively (Yasui et al. 1994). The
photoreactivation mechanism of MTHF-type or 8-HDF—
type photolyases has been investigated in great detail: (1)
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the photoantenna (MTHF or 8-HDF) absorbs a blue-light
photon: (2) the excitation energy is transferred from the
photoantenna to active-site cofactor (FAD) by dipole—
dipole interaction: (3) the excited FADH radical donates
an electron to a CPD, splitting the cyclobutane ring: and
(4) finally, the electron is transferred back to FADH,
accompanied by the generation of the two canonical
bases (Hearst 1995: Kim et al. 1991, 1992). The effi-
ciency of energy transfer from 8-HDF to FAD is 98% in
eubacterium 4nacystis nidulans 8-HDF—type photolyase,
while that from MTHF to FAD is 63% in an Escherichia
coli MTHF-type photolyase (Kim et al. 1992). Therefore,
it was suggested that 8-HDF—type photolyases are able to
eliminate CPD more rapidly than MTHF-type photoly-
ases (Malhotra et al. 1992). The erystal structure of
MTHF-type photolyase from E. coli was determined
(Park et al. 1995). The structure consists of two domains,
an N-terminal o/ domain and a C-terminal helical do-
main, connected by a loop of 72 residues. MTHF binds
in a cleft between the two domains, whereas FAD is
included in the helical domain and is accessible through
a hole in the surface of the domain. CPD binding sites
have not been identified, but the hole in the helical do-
main has shape and polarity suitable for CPD binding.
Therefore, the hole is considered to correspond with pu-
tative CPD binding site (Park et al. 1995). In contrast,
investigation of the photoreactivation mechanism of
class II photolyases has not advanced. However, the co-
factors of a few class IT enzymes have been elucidated.
The class II photolyase from Drosophila melanogaster
has FAD and MTHF (Kim et al. 1996a), while FAD and
8-HDF are included in the enzyme from an archaebac-
tertum, Methanobacterium thermoautotrophicum (Kie-
ner et al. 1989). Yasui et al. (1994) reported that the
enzyme from a eukaryote, Potorous tridactylis, includes
FAD, although the second cofactor has not been detected
in the enzyme.

(6-4) photolyases have been identified recently (Todo
et al. 1993), but the presence of cofactors has not been
confirmed and the precise photoreactivation mechanism
has not been well elucidated. The fluorescence and ac-
tion spectra of Xenopus laevis (6-4) photolyase sug-
gested that the cofactor composition of the enzyme is
different from those of CPD photolyases (Kim et al.
1996b). On the other hand. it was suggested that the
enzyme includes FAD as the cofactor of the X0 laevis
enzyme (Todo et al. 1997). Further studies are required
for the identification of the cofactors for (6-4) photoly-
ases. Two (6-4) photolyase homologues have been found
in Homo sapiens (Todo et al. 1996; Hsu et al. 1996).
However, the homologues, which contain FAD and
MTHF as the cofactors, show neither (6-4) nor CPD
photolyase activity (Hsu et al. 1996). The function of the
homologues has been unknown. although Hsu et al.
(1996) suggested that the homologues may act as blue-
light photoreceptors.

Blue-light photoreceptors are essential light detectors
for the early development of plants (Ahmad and Cash-
more 1993). In addition, they mediate phototropism, hy-
pocotyl elongation, stomatal opening, and expression of
specific genes (Kaufman 1993; Short and Birggs 1994
Liscum and Hangarter 1994). The nucleotide sequences
of the cDNAs for the receptors were recently determined
(Ahmad and Cashmore 1993; Batschauer 1993: Malhotra
et al. 1995). The deduced amino acid sequences were
unexpectedly similar to those of photolyases (Ahmad
and Cashmore 1993; Batschauer 1993; Malhotra et al.
1995). The receptors from the eukaryotes Sinapis alba
and Arabidopsis thaliana overexpressed i E. coli also
contain FAD and MTHF as the cofactors, although the
receptors do not show photoreactivation activity (Mal-
hotra et al. 1995).

Table 1 summarizes the classification of the family.
The functions carried by the members of the protein
family are highly divergent. However, the evolutionary
process of the functional divergence of the family has not
been sufficiently studied. Yasui et al. (1994) reported the
molecular phylogeny of CPD photolyases by the NI
method (Saitou and Nei 1987), although they used only
13 sequences, which did not include (6-4) photolyases or
blue-light photoreceptors. Now, 22 sets of sequence data
of this family are available. We compared the amino acid
sequences to reveal the evolutionary relationship among
the members of the photolyase—blue-light photoreceptor
family. The evolutionary history of the family will be
discussed based on the reconstructed phylogenetic trees.

Materials and Methods

The 22 amine acid sequences used in this study are listed i Table
1. A multiple sequence alignment was constructed with the pro-
gram Clustal W 1.4 (Higgins et al. 1991; Thompson et al. 1994), which
was then medified by visual inspection with an alignment editor,
BIORESEARCH/AE 3.0 (Fujitsu Ltd. 1995). To examine the conser-
vation of aligned sites, amino acid residues were classified into six
physicochemically similar groups based on the criteria of Schwartz and
Davhoff (1978): (1) positively charged group: Lys, Arg, His; (2) nega-
tively charged group: Asp, Asn, Glu, Gln; (3) small hydrophilic group:
Gly, Pro, Ser, Thr; (4) hydrophobic group: Leu, Ile, Met, Val: (5)
aromatic group: Phe, Tyr, Trp; (6) Cys. The last category consists of
only Cys residue.

All the sites containing gaps were excluded from the alignment
for the following phylogenetic analyses. At first, we performed the
NI inference to obtain an overview of the evolutionary relationship of
the photolyase—blue-light photoreceptor family. The genetic distance
for each aligned pair was calculated with the program PROTDIST in
PHYLIP 3.5¢ (Felsenstein 1993, 1996), where the amino acid substi-
tutton model, PAMOO1 (Dayhoff et al. 1978), was used. Then. an
unrooted NJ tree was constructed with NEIGHBOR in PHYLIP 3 .5c.
The statistical significance of each cluster in the tree was evaluated
with 1,000 iterations of bootstrap resamplings and tree reconstructions
(Felsenstein 1985) using PROTDIST. NEIGHBOR. SEQBOOT, and
CONSENSE in PHYLIP 3.5¢c.

To further examine the phylogenetic relationship obtained by the
NI method, we employed the ML method (Felsenstein 1981; Kishino et
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Table 1. List of proteins used in the current analyses®
Tvpe of protein Abbreviated  Accession No.
(abbreviation) Species Kingdom name (DB)/References Characterized cofactors
MTHF type class I CPD  Bacillus firmus Eubacterinm  PHE_BACF Q04449 (sp) FAD, MTHF (Malhotra et al. 1994)
photolyase (CIMPHE)  Escherichia coli Eubacterium PHE_ECOL  P0O0214 (sp) FAD, MTHF (Johnson et al. 1988)
Salmonella typhimurium Eubacterium PHR_SALT  P23078 (sp) FAD, MTHF (Li and Sancar 1991)
Saccharomyses cerevisiae Eukarvote PHE_SCER  P03066 (sp) FAD, MTHF (Sancar et al. 1987;
Johnson et al. 1988)
Neurospora crassa Eukarvote PHR_NEUC P27526 (sp) FAD, MTHF (Eker et al. 1994)
8-HDF type class I CPD  Anacystis nidulans Eubacterinm  PHE_ANAN  P03327 (sp) FAD, 8-HDF (Eker et al. 1990)
photolyase (C18PHR)  Swnechocystis sp. Eubacterium PHR_SYNE U51943 (gb)
Streptomyces griseus Eubacterium PHE_STRG  P12768 (sp) FAD, 8-HDF (Eker et al. 1981)
Halobacterium halobium Archaebac- PHE_HALH P20377 (sp) FAD, 8-HDF (Iwasa et al. 1988)
terinm
(6-4) photolyase (64PHR) Drosophila melanogaster Eukaryote 64_DROM DE3701 (gb)
(6-4) photolyase Homo sapiens Eukarvote 64 HUMAL1 DSE3702 (gb) FAD, MTHF (Hsu et al. 1994)
homologue (64PHE) Homo sapiens Eukarvote 64 HUMA2 Hsuetal 1996 FAD, MTHF (Hsu et al. 1996)
Blue-light photoreceptor Chlamydomonas reinhardtii  Eukaryote BLE_CHRE S$57795 (pir)
(BLE) Sinapis alba Eukarvote BLE_SIAL  P40115 (sp) FAD, MTHF (Malhotra et al. 1995)
Arabidopsis thaliana Eukarvote BLE_ARTH 566907 (gb) FAD, MTHF (Malhotra et al. 1995)
Class II CPD photolyase  Myxococcus xanthus Eubacterium  PHE_MXU  U44437 (gb)
(C2PHER) Methanobacrerium Archaebac- PHRE_METH PI12769 (sp) FAD, 8-HDF (Kiener et al. 1989)
thermoautetrophicum terinm
Drosophila melanogaster Eukaryote PHE._DM S52047 (pir) FAD, MTHF (Kim et al. 1996a)
Carassius auratus Eukarvote PHE_CA A45008 (pir)
Oryzias latipes Eukarvote PHE._OLAP D26022 (gb)
Monodelphis domestica Eukaryote PHE_OPPO  D31902 (gb)
Poatorous tridactylis Eukarvote PHE_PTRI D26020 (gb) FAD (Yasui et al. 1904)

# ‘DB denotes the symbol of database : sp, SWISS-PROT release 33 .0; gb. GenBank release 95.0; pir, PIR protein sequence database release 49.0

al. 1990). However, it was difficult to apply the ML analysis to all the
12 sequences, since a large number of possible trees are generated. We,
therefore. selected the proteins derived from nodes with less than 50%
bootstrap probabilities in the NJ analysis, as well as the representative
proteins of each subgroup. Then, mine amino acid sequences were
selected, which were subjected to the ML analysis with PROTML in
MOLPHY 2.3b3 (Adachi and Hasegawa 1996). In the analysis, AIC of
each possible tree was calculated based on the four different amino acid
substitution models—the JTT (Jones et al. 1992), Dayhoff (Davhoff et
al. 1978), JITT-F, and Dayhoff-F models (Adachi and Hasegawa 1995).
AIC 15 defined as —2 % (log-likelihood) + 2 * (number of free param-
eters) (Akaike 1974). The tree with minimal AIC was considered to be
the most appropriate tree. The statistical significance of each cluster in
the ML tree was evaluated by the bootstrap analysis with 1.000 itera-
tions.

The obtamed phylogenetic trees were drawn with TREETOOL
2.0.2 (Maciukenas and McCaughey 1004

Results and Discussion

Functional Implications Derived From Multiple
Sequence Alignment

Figure 1 shows a multiple alignment of the photolyase—
blue-light photoreceptor family. Since the N- and C-
terminal regions of the members were highly diverged in
residue and length, they were excluded from the align-

ment. The erystal structure of class I photolyase from E.
coli has been determined recently (Park et al. 1995),
which revealed MTHF and FAD binding sites of the
enzyme. In addition, the CPD binding sites were puta-
tively assigned to a hole of the erystal structure. These
sites play important roles for the function of the enzyme.
Therefore, it is expected that the comparison of the resi-
dues at these sites would provide much information
about the functional divergence of the protein family.
Table 2 shows the summary of the comparative study,
although the alignment in Fig. 1 also includes the same
information. As shown in Table 2, the protein family was
divided into five groups based on the functional differ-
ence as follows: group A, MTHF-type photolyases;
group B, 8-HDF—type photolyases; group C, (6-4) pho-
tolyases; group D, blue-light photorsceptors; and group
E. class II photolyases. For simplicity, (6-4) photolyase
homologues were included in group C. although their
functions have remained unknown. The functional clas-
sification roughly corresponded with the phylogenetic
clustering as described below. In the current approach,
class I photolyases were classified into two groups, based
on the available second cofactors (groups A and B). In
contrast, group E, or the group of class IT CPD photoly-
ases, was not further classified, because identification of
the second cofactors of the photolyase has not advanced
(see Table 1).
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Fig. L.

Alignment of the amino acid sequences of DNA photolyases

““a"" denotes the end of the structure. The line **Domain’™” indicates the

and blue-light photoreceptors. The residue number of beginning amino
acid of each sequence 15 shown at the left side of the sequence. The
information about the secondary structures, domains, interactions with
cofactors, binding with CPD. and electron transfer derived from the
crystal structure of DNA photolyase from E. coli (Park et al. 1995) is
also shown in the alignment. The line “"Strwcrure’” shows the second-
ary structures (a: o helix, b: B strands, 3: 3, helix). For example, in
the case of ““an=>>=a.”" where “an’" means the beginning of the n-th
a helix, “"="" indicates the continuation of the structure. The last

regions of the two domains and an interdomain loop in the DNA
photolvase. The line “Inferaction’ denotes the residue sites which
interact with the cofactors. The characters 'f"" and **F™ indicate
residues which interact with FAD, while “'m’" and M indicate
residues which interact with MTHFE. The capifal leffer means the di-
rect H bond to the cofactors. The lowercase leffer indicates the water-
mediated H bond to the cofactors. **C’" shows putative CPD
binding site. Abbreviated name of each sequence i1s shown in Ta-
ble 1.
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was invariant, and alignment site 243 was occupied by

the residues of the negatively charged group. However,
the remaining five sites included physicochemically dif-
ferent residues. Payne et al. (1990) reported that MTHF-

bers of group A. Only Glu residue at alignment site 536
type photolyase from E. coli shows photolyase activity,

Continued.
Table 2(a) shows the comparison of the MTHF bind-

ing residues. X-ray crystallographic analysis revealed
that seven residues of MTHF-type photolyase from E.

coli (PHR_ECOL in Table 2) are involved in the MTHF

the seven residues were not conserved among the mem-

binding function of the enzyme. Surprisingly, five out of

Fig. L.



540

411

e

]

at1

3> 3

allz==>=>>>>=>a

Structure

ol s o s off oo s s o
> J@OECEEDT
CO>>>>>>>
E—nmcm——d
PR - - S
Lo JLATENTRTTRITNITATTNIT)
¢ (OO0 LU Lol Lo Lo L Ll e
- = =m0
EER TR TRETR T TR P TR T T
(7 0= I A R R
S Z0O0 s 00
[N & " SR I
P UOIUE 2 0
OWIFWOCEZ T
[TV o T o B s
e O>>>><T
o) O O & I L 6D 0D U0 UD D
IZZ2wodwooo-T
YT ZT-ZOOLLX
Ly OOxram>>T
O=>WaOZZCCd
Y Z e w il

el AL 0
O ol o s

c
N
FGQ- LLWR

-=VSLIGQ- LMWR
PP--LSLYGQ-LLWR

o
a
o

-----EAGEGP------

---NNTKKLMGGNEGIQRWISE-VAWR
R-----ARGAGQDASVQG- -

I LN-----AEADSYSAET----FLKE-LAWR

- - - IKR

'
L=
'
'

A---WEQSRSEEARASIETWQQE- LAWR
A---KSDADTDDERENVAAF IGQ- LAWR

!
!
!

e B &= 5. T ]

W WO —OFE X0

WMACY -ECCCyC3I0w =

CopacdddE > D

FICL Y ¥ CIJCOOOWWWEa

CrIf0wldu>-Tr-OxJddJJE

= =ETrErrlLLU LT

DO —Jdg > >—=ab>dd0da

OO0 nuWd-l-dddy > COCCEETE>w

CTrErrr<CCCCcrerccdCOo0

LN C—L—LOO>>>dd>><0 L

0 o) o ol o o e O O U U0 U3 00 0D U0 B0 00 LD EA U0 KA LD L
[0l LLlLVVIIILLLvllLLUTFIIL
I O0EFC-L>F000WRWICOCIoZ
I CRGTG To o RE TG TG e T i Tl Jed il ot dalolo o)
I Ty WS, Y S T T T TS VR T TR TR VI Sy T TR T TRy T

;H.ATﬁKHKKKKH.HHHHHDuHHHHH

m [ T e (R [ T [ [ I [ T T T

m$SYHYHA.nHYYvHWwawwwVF

nu

AA---HALSRSDEARNS I RVWQQE - LAWR

RE------KGGLGG-----EAFVRQ- LAWR

o
Q
o
<

LHRLLA----QPQALDGGPGS- - - VWLNE- L 1W-
NQAFQSCNGOIMSKALKDNSSTQNF | KE-VAWR

LHRLLAE---QPQALDGGBAGS- - - VWL

CC>>L00COA00000n ki
m._._l._b. PR OOOUOGOOORORaan
E.FI-LI-LI—LI—I—LI—LIILLLLLLLLML
ITLErPZrod0Cc>00wLEtT0Z2022

R
A
R
A
R
A
H
R
R

ITXTIT CEEEErE
Lo gsEELEL ITIIIIT
L P EFREEERRR
GOGGoL6GbseBRBO0O008D
S 0L OZwr w aP— £

s3aEgbBEddazert, SEral2
mﬂj_ﬂﬂﬁﬁJﬁMMUWﬂGmﬁP_ﬁﬁJM
ffrrcrocroe T ioonrarery

SEfiifiiiiitisiinomaaaaana

AN CCdddCd g d L aq Tl DL =d=d
AN OOOOOOODO0OOO0OOO00CTWWd
M >x>—mZZ—3—— — 5 LW W W WY
_p @ ————— T PR V.4 s P P
LI W W . - O T W XY R T R )

W =l >33l =i

N UOUOUOO0Q0O0OOOLOJIdJ0lT

H R >>TTIo>T
Yuzrw-—Orwaer=xerdrJwo o oww
n JOCUOoOa000000 00X X TOmOmT
3 WeFOroCuoTwwd0Owxewwo <
P OO0 FUOx-aqioooooon
P ZEZEZEESESEEESESSESSSSuNNENay
I Savandasdadgdadas<ILT>0
I COWI-IFCO0WagdY Yy TITIIIII
e N T TRl ST TR P TR PR TR = e Bl e
I I>=CIOWSTEIgdg>=aOXIOTOS-
N <I>000<0<0OWWZIOoSJSdSSaI4
I e >Caswloeccdwd>-k-i-----
W EEEEOOOEOIZZO0O0OxXN 00w
I NWUZ>TNZWOLYTE>—oax000>0Cx
I O0WW@EWWEC OO« L0 =Ll
I ZTTTTTTTTZEZZEZZZEZZEZZZ==
n JaexuZracwooodooowoowwa
H »Er———d0LL————LOu>>>>uaa
I CEOZWUIOWa 000w =ty Lt
I QeENEEd0XE>—=xroad00000w
N FFE>>AFTewO00ddd0F WL X o)
ZEorUESar>——IIT—>Jddd—>
oS AW >0e00WZUXxwan
N SO xZZZJJIJO00000004
I L= e000S A0

AOdoWS00=Juooe

COS>xxnUUJWwIssacacT

al2z»2>>a

471
d==>

IICzZo0x00wT O Wwww
S FSEx «<<(>000IITT
S00wWO0 4> uww—F

= 0 oa i

NL>>00MAZZCXT>LLWZZZTONO

conanacadaoconooon Yy WO

I>Z2SWELLZWZZTIULLEZZZZZU-

FEEZIFOTULAZZZIZ>>>>>>1T

O W L L Ll Tl

—EEAT Al A d SO0 0000>0

L = e e il PR S CRy ¥ S PRy TR

Y

Je==>3

461
|

ET N R ]
Helicaldomain = == s s s s = ===
H
H
H
H
M
Q
H
H
Q
T
T
T
¥
Y
|
N
N
N
N
N
N
N

451
|
C2PHR
PHR_OLAP C2PHR
C2PHR
C2PHR

B4PHR
PHR_METH C2PHR

64_HUMA2 &4PHR

BLR

PHR_SALT CIMPHR
PHR_DM
PHR_MXL C2PHR

PHR_SCER C1MPHR

PHR_NEUC C1MPHR

PHR_BACF C1MPHR

PHR_STRG C18PHR

PHR_AMAN C18PHR

PHR_SYNE C18PHR

PHR_HALH C18PHR

64_DROM  G4PHR

PHR_OPPO C2PHR

84 HUMA1
BLR_CHRE BLR
BLA_SIAL
PHR_CA
PHR_PTRI

BLR_ARTH BLR

PHR_ECOL CiMPHR E

Interaction

Structure
Domain

5
|

CLNUUWELCLCEZ—>WN0OO X
of ol O =L U o o <L =L =L 00 00 W LU AL =T
B T R 1 bt
[aYalaYalalalaYalalalalalalalal
COOU>-UQU0I0 <3
[(f N alalalelafalalalalalalalalala)
W ————— DL At —
I o ot o ol o o o o e o e il e (T e L
W OO0IISSIFxJdd-<2-0
I OXWIoOCwdwwooo T
I SESSWOSECWWOZZEZE
[N R VR W Ry R Ry TRy TRy TRy TRY TRy TR TR
I >xE>>TW>Z>>>>IT >
I CECECEXO O XYYy ¥
PEWWWWWSWW>OES>ZFAS
n GGGGGGGGGGGGGGGGG
I U=ESJuETcwun==3

[] RRHRHRHQREEERHKEE
I EEEEEETERIZETEZZEEZ
1 o
P DrO00OOo0Zo—-—>Lo0
]
]
(]
"
i
Ll
Ll

w g
-
@ E
qn
"

-K--MHGF LRMYWAK

4165=%%% 4
THDPLWNA&OMDMVO-—-—————-—A--E G-K--MHGF LRMYWAK

—_—— -3 —AS>EEET I
R P T P T, S T P R O )
ddddddd o0 a4
oozZo0Fo00d 0000
" A e s o s o a4
St~ >
e o e e ] L
(U Wy TRy Ty I THY TRy THY T THY TR THY AT TR
I WMo nCd o0 naw
I el o ol el o oL < ol ol Ll DL LD
I e ] ah =
N —— = ——
IS ESESESSEES
I @O EEE T
n LLSLLACGU
IO T L T T T KT T o
I1f===z==z=z=z==2
) ITZIITIIT
n EE-ZZZEE

ald=>>>>>>>%4
YDDLWHNSAQLGLVR-------------E-G-K--MHGF LRMYWPQ

HOPYWNAAQOQEMVY I T--------------G-K- -MHGYMAMYWGK
ADGLWNAAGQRELWVE-------------R-G-R--|IHNYLRMLWGK

HDPLWNAAQMOTVK:-=-----------E-G-K--MHGF LEMYWAK

THDKLWNAAQIQMVT - - - ----------

A
GK
GK
SL
AS
AR

M
M
M
ENAKTHDOQLWNAAQRQLVS - - - - - =a==-=-

IMRQLRQEGW IHHLARHA
IMTQLARQEGW IHHLARHAVY
IMTQLRQEGW IHHLARHAVY
GMRELWATGWLHDR IRVVY
AMRAQLWSSGWCHNRGRVVA
GMRAELWATGWMHNR IRV IV

x> a
Helical domain = =

[e]

aQ

K

e}

Q
GMRQLRAEAYM

CI1BPHR AMACQLNQT GW
EK
ES
ES
EK
ES
ET

64PHR
B4_HUMAZ 64PHR
C2PHR
C2PHR
PHR_METH C2PHR
C2PHR

BLR

PHR_DM
PHA_MXU

PHR_NEUC CIMPHR AM
PHR_STRG C18PHA AMRGQLAHEG

PHR_ANAN C18PHR AMRGLTETGW

PHR_SALT CiMPHR A
PHR_SYNE

PHR_HALH G18PHR
64_DROM  B4PHR
PHR_OLAP C2PHR
PHR_OPPO C2PHR
PHR_PTRI

64_HUMA1
BLR_CHRE BLR
BLR_SIAL

PHR_BACF CIMPHR GMR
BLR_ARTH BLR

PHR_SCER CiMPHR |
PHR_CA C2PHR

PHR_ECOL CiMPHR A

Structure
Domain
Interaction

Continued.

Fig. 1.

members of group D were occupied by physicochemi-
cally different residues from those of PHR_ECOL, even
at the alignment sites 243 and 536. The high variability

of MTHF binding sites in the members of group and D

even without MTHF. The observation suggested that the

second cofactor or photoantenna is not essential for the

of group A. Blue-light photof‘eceptors utilize MTHF as

photolyase activity, which could explain the weak con-
servation of the MTHF binding sites among the members

could be explained by the weak functional constraint

described above. Another possible interpretation of the

the second cofactor as well. However, these sites of the
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Fig. 1. Continued.

observation is that the members of group D may have a
different MTHF binding mechanism than those of group
A Tt is difficult to definitively describe the problem at
this stage, and further study is required. There were no
data available to identify the 8-HDF binding sites of the
members of group B. Therefore, we just examined the

residues of the members of group B, which correspond to
the seven MTHF binding sites. As expected, these sites
were not conserved among the members of group B. In
addition, the physicochemical characters of the amino
acid residues at the five alignment sites, 169, 243, 244,
464 and 465, of the members of group B were quite
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Table 2. Comparisons of residues of (a) MTHF, (b) FAD, and (c) CPD binding sites®

(a) MTHF binding sites

Site 169 243 244 464 465 536 548

Interaction m M M M M m m

Group A PHR_ECOL CIMPHR H N E C K E L
PHR_SALT CIMPHR H N E c K E L

PHR_SCER CIMPHR H D E S M E S

PHR_NEUC CIMPHR H D E C M E F

PHR_BACF CIMPHR A D G C K E P

Group B PHR_STRG C1SPHR G Y A - - A \Y
PHR_ANAN C1SPHR A Y G L A E L

PHR_SYNE C1SPHR E Y A L A E L

PHR_HALH C18PHR A L A \ \ Y T

Group C 64_DROM 64PHR M Y s F D Q W
64_HUMAL1 64PHR S F G F D M W

64_HUMA2 64PHR S F G F D v F

Group D BLR_ARTH BLR Y L S s H M L
BLR_CHRE BLR F I S I H L L

BLR_SIAL BLR F v S T H M L
Group E PHR CA C2PHR L I P = = = W
PHR_OLAP C2PHR E E P - - - W
PHR_OPPO C2PHR L H H = = = W
PHR_PTRI C2PHR L H H - - - W
PHR_DM C2PHR L L P = = = W
PHR_MXU C2PHR P I I - - - W
PHR_METH C2PHR P I Q = = = W

(b) FAD binding sites
Site 385 300 400 401 402 403 442 450 510 513 545 547 550 531

Interaction  F F F F F F F f F F F F f F

Group A PHR_ECOL  CIMPHR Y T 5 R L s W R W N D D A N
PHR SALT CIMPHR Y T 5 R L = W = = N D D A N

PHR_SCER  CIMPHR Y T 5 G L s F R Y N D D s N
PHR_NEUC CIMPHR Y T 5 N L 5 W R T N D D S N

PHR BACF CIMPHR Y T 5 R L s F R W N D D s N

Group B PHR_STRG  CI18PHR Y T 5 R L 5 F R W N D D N N
PHR_ANAN CI18PHR Y T 5 G L s W R W N D D A N
PHR_SYNE  CI18PHR Y T 5 Q L 5 \ R W N D D A N
PHR_HALH CI18PHR Y T 5 R L s F R Y N D D N D

Group C  64_DROM 64PHR F T T v L s L R W H D D L N
64_HUMAL  G64PHR F P T G L s L R W H D D 1 N

64_HUMA2  64PHR Y P T G L s L R W H D D A N

Group D BLR_ARTH BLR Y T 5 F L 5 F R W D D D 5 D
BLR_CHRE BLR F T 5 R L s F R W N D D C D

BLR_SIAL BLR Y T 5 L L 5 F R W N D D C D

Group E PHR_CA C2PHR F L 5 H L s F R W A R Y K K
PHR_OLAP  C2PHR F L 5 Q L 5 F R W A R Y K K

PHR_OPPO  C2PHR F L 5 N L s F R W A R Y K K

PHR_PTRI C2PHR F L 5 N L 5 F R W A R Y K K

PHR_DM C2PHR F L 5 G L s F R W A R Y Q K

PHR_MXU C2PHR Y Q 5 N L 5 F R W A R L K K

PHR METH C2PHR F L s N M s F R W A R Y K K

different from those of group A, although the several
residues at remaining two sites, 536 and 548, were simi-
lar or identical between the members of groups A and B.
The residues of the seven sites of the members of group

B seemed to be rather similar to those of group D, al-
though the functional meaning of the similarity was not
clear. Here, we refrain from discussion of the second
cofactor binding sites of groups C and E, because the
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Table 2. Continued
(c) Putative CPD binding sites
Hydrophobic Polor
Site 203 441 449 442 517 557 565 380 444 445 513 514 564 570
Group A PHR ECOL CIMPHR F ' W Y M W A R N E N R D R
PHE_SALT CIMPHE F i W Y M W A R N E N R D R
PHE._SCER CIMPHE F N W Y M F A K K E N R D R
PHE_NEUC CIMPHE Y R W Y M F P R S E N R D R
PHR_BACF CIMPHR F - W Y M W A R K E N R D E
Group B PHR_STRG  CI18PHR F A W H M W D H R Q N R T R
PHR_ANAN CISPHR Y ' W Y M W P R Q E N R D R
PHR_SYNE  CI18PHR Y T W ¥ M W P R Q E N R T R
PHR_HALH CI18PHR T A W Y M W A R G Q N R D R
Group C  64_DROM 64PHER. Y 5 W ¥ H W F N G Q H L F R
64 HUMAL 64PHE. T 5 W F H W F R G Q H L F H
64 HUMA?  64PHR T 5 W F H W F R G Q H L F H
Group D BLE_ARTH BLR F L L 5 A T 5 R K 5 D R D R
BLE_CHEE BEBLE F D T 5 A T A R Q Q N R D T
BLE_SIAL BLR L L L 5 A T G 5 R G N R D R
Group E PHE_CA CIPHE R - R A L A - R E E A Q - I
PHE_OLAP  CIPHR R - R T M T - R E E A Q L
PHR_OPPO CIPHER R R A M R - R E E A Q - I
PHR_PTRI CIPHE R - R A T R - R E E A Q - I
PHE_DM CIPHR R - R A L A - R E E A Q - I
PHE._MXU CIPHR R - R G L P - R E E A Q - A
PHRE_METH C2PHR K E R 5 M D - R E E A Q - L

# The information is derived from the alignment in Fig. 1. See legend of Fig. 1 for notation of the characters in the line “*Tnferaction™

second cofactors of (6-4) photolyases and the most of
class IT enzymes have not been identified.

FAD is considered to be included in all the members
of the protein family, and 14 FAD binding amino acid
residues have been found in the crystal structure of
PHR_ECOL. Alignment sites 385, 400, and 402 were
occupied by physicochemically similar residues, respec-
tively. Alignment sites 403 and 450 were invariant ex-
cept for the deletion in MTHF-type photolyase from Sal-
monella typhimurium (PHR_SALT). Alignment site 510
was occupied by aromatic residues, which was also de-
leted in PHR_SALT. Alignment site 442 was also occu-
pied by aromatic residues, except for three members of
group C. Thus, FAD binding sites seemed to be highly
conserved, comparing to the case of MTHF binding sites.
However, alignment sites 399, 513, 545, 547, and 551
were occupied by the residues with different physico-
chemical characters between group E and the other
groups. As discussed below, group E was distantly re-
lated to the other members of the family. In addition, the
members of group E included a long deletion in the
C-terminal helical domain (alignment sites 520 to 539).
Such a deletion was not found in the other members of
the family. The different conservation pattern between
class IT photolyase and the others may reflect the change
of FAD binding mechanism caused by the deletion in
class IT photolyase or the insertion in the others.

CPD binding sites were putatively assigned in the

crystal structure of PHR_ECOL. The putative sites con-
stitute a hole in the structure, to which CPD is supposed
to be bound. One face of the hole consists of seven
hydrophobic residues, while seven polar residues form
another surface of the hole. Table 2(¢) summarizes the
comparison of the residues at the putative CPD binding
sites. CPD is the substrate for the members of both group
A and B. Alignment sites 449, 513, 514, 517, and 570
were invariant among the members of groups A and B. In
addition, four sites, 293, 389, 445, and 557, were occu-
pied by physicochemically similar residues, and two
sites, 442 and 564, were nearly invariant. Site 565 was
occupied by physicochemically similar residues, except
for 8-HDF-type photolyase from Strepromyces griseus
(PHR_STRG). The observation suggested that these sites
are important for CPD binding activity of the members
of groups A and B. The members of group D follow a
conservation pattern similar to those of groups A and B,
although the members of group D do not have photolyase
activity. The members of group C share residues similar
or identical to those of groups A, B, and D at the align-
ment sites 293, 389, 513, and 570. However, the amino
acid residues at the alignment sites 444, 513, 514, 517,
and 565 were conserved among the members of group C.
These residues were physicochemically different from
corresponding residues of the members of groups A, B,
and D. (6-4) photolyase from D. melanogaster
(64_DROM) uses (6-4) photoproduct as substrate instead
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Fig. 2.

of CPD, and the difference in the conservation pattern
may be correlated with the substrate specificity of the
enzymes, although (6-4) photolyase homologues from H.
sapiens (64_HUMALI and 2) show neither CPD nor (6-4)
photolyase activity (Hsu et al. 1996). On the other hand,
the members of group E also utilize CPD as their sub-
strate. However, they showed a conservation pattern
similar to those of groups A and B at only the three sites
389, 445, and 517, and the remaining 11 sites diverged
highly from those of groups A and B. As described
above, group E was distantly related to the other mem-
bers of the protein family, and the C-terminal helical
domain of class II photolyase included a long deletion.
The deletion was observed close to and within the puta-
tive CPD binding sites. The observation suggested that
the CPD binding mechanism of class II photolyase is
different from those of MTHF-type photolyase and 8-
HDF-type photolyase, although they share CPD as their
substrate.

Phylogeny of the Photolyase—Blue-Light
Photoreceptor Family

Figure 2 shows an unrooted phylogenetic tree by the NJ
method, which was divided into two clusters. The clus-
ters are here referred to as clusters 1 and 2. Cluster 1 was
composed of (6-4) photolyases, blue-light photorecep-
tors, and class I photolyases, while cluster 2 consisted of
only class II photolyases. The phylogenetic clustering
roughly corresponded to a functional classification of the
family in the previous section, except for the 8-HDF-
type photolyase.

An unrooted phylogenetic tree obtained by the neighbor-joining method. The numbers at the nodes indicate the bootstrap probabilities.

In cluster 1, MTHF-type photolyases, (6-4) photoly-
ases, and blue-light photoreceptors constituted three dis-
tinetive subeclusters, which corresponded to groups A, B,
and D in the previous section. On the other hand, 8-
HDF—type photolyases did not form a single subcluster.
That is, the functional classification of group B had no
evolutionary meaning. As shown in Fig. 2, the roots for
the subclusters (6-4) photolyase, blue-light photorseep-
tor, and MTHF-type photolyase were located at nodes A,
B, and F, respectively. The tree topology suggested that
present (6-4) photolyases have derived from an ancestral
enzyme at node A, which carried (6-4) photolyase activ-
ity. Similarly. an ancestral protein corresponding to node
B was considered to carry blue-light photoreceptor ac-
tivity, from which current photoreceptors have evolved.
The present MTHF-type photolyases originated from
node F, which corresponded to an ancestral CPD pho-
tolyase with MTHF. This view is supported by the high
bootstrap probabilities for nodes A, B, and F. which were
100.0%, 100.0%, and 62.5%, respectively. On the other
hand, the tree topology suggested that there are two in-
dependent lineages to 8-HDF—type photolyase. One of
them branched off at node C, including only one enzyme
from S. griseus, whereas another lineage consisted of
two enzymes from eubacteria: Synecocystis sp.; A. nidu-
lans; and an enzyme from an archaebacterium, Halobae-
terium halobium. The branching point for the latter lin-
eage was node D. Thus, the topology of the two lineages
was not consistent with the pattern of ordinary species
divergence and suggested two independent lineages to
8-HDF—type photolyase. The lineage consisting of the
enzyme from S. griseus was statistically significant,
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since the bootstrap probability for nodes C is high
(90.1%). On the other hand, the bootstrap probability for
nodes D is quite low (30.6%). In addition, the bootstrap
probability for node E, which corresponds with the di-
vergence point between eubacteria and archaebacterium
in the former lineage, is only 31.3%. Thus, the topology
about the divergence of 8-HDF—type photolyases from
Synecocystis sp., A. nidulans, and Halobacterium halo-
bium was not statistically significant.

In cluster 2, class IT photolyase was divided into two
subclusters at the node G. One of them includes the
enzymes from eukaryotes, whereas another consists of
the enzymes from an archaebacterium and a eubacte-
rium. Therefore, node G is considered to correspond to
the gene duplication of the enzymes before the diver-
gence between eubacteria and archaebacteria. The tree
topology in cluster 2 is considered to be significant be-
cause high bootstrap probabilities are evaluated for most
of the nodes in the cluster.

As deseribed above, the NJ tree included several
nodes with low bootstrap probabilities. However, some
of these nodes were related to positions in the tree crucial
to a description of the evolutionary history of the family.
To check the tree topologies at the nodes, ML analysis
was applied to the aligned sequences. However, it re-
quires enormous computational time to examine all of
the 22 sequences. Therefore, we selected the following
nine sequences, which were related to the crucial nodes
or representatives of each subcluster: four 8-HDF—type
photolyases from A. nidulans, Synechocystis sp., S. gri-
seus, and H. halobium,; MTHF-type photolyase from E.
coli and Bacillus firmus; class II photolyase from D.
melanogaster; (6-4) photolyase from D. melanogaster;
and blue-light photoreceptor from Chlamydomonas rein-

Anunrooted phylogenetic tree obtained by the maximum likelihood method. The numbers at the nodes indicate the bootstrap probabilities.

hardtii. Only one enzyme from cluster 2 was included in
the selection, since the topology of cluster 2 was shown
to be statistically significant by NJ analysis. The enzyme
was used as an outgroup of the remaining eight se-
quences from cluster 1.

We examined four amino acid substitutions models
for the ML analysis, among which the JTT-F model pro-
duced a tree with minimal AIC. Figure 3 shows the un-
rooted tree. The differences between the minimal AIC
and the AICs of the other possible trees were greater than
1.0, which suggested that the tree topology shown in Fig.
3 is statistically significant.

In the ML tree, eight sequences from cluster 1 of the
N7 tree formed a cluster against class IT photolyase from
D. melanogaster. Hereatter, the cluster was also referred
to as cluster 1. As in the case of the NJ analysis. (6-4)
photolyase, blue-light photoreceptor, and MTHF-type
photolyase also constituted distinetive subclusters in
cluster 1. However, the relative position of each subclus-
ter in the tree was slightly different from that of the NT
tree. Contrary to the result by NI analysis, most of the
nodes in cluster 1 of the ML tree contained high boot-
strap probabilities, greater than 70%. We, therefore, con-
sidered that the topology of cluster 1 in the ML tree was
more reliable than that in the NJ tree. The evolutionary
divergence of the three subclusters will be discussed in
the next section.

The NT tree suggested two independent lineages to
8-HDF—type photolyase. In contrast, the ML analysis
suggested that there are three independent lineages to
8-HDF—type photolyase. In addition, the relative posi-
tions of the enzymes were different from those in the NJ
tree. The enzymes from A. nidulans and Synechocystis
sp. branched at node H, while the enzymes from H. ha-
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duplication before the divergence between eubacteria and eukaryotes.

lobium diverged at node I. The locations of the nodes
suggested early and independent divergence of the en-
zymes in cluster 1, while the enzyme from S. griseus
diverged from the lineage to the subeluster to (6-4) pho-
tolyase at node J. The bootstrap probability for node J
was high, 70.4%, while the bootstrap probability for
node I was only 49.8%. The probability for node H is not
shown in the figure, because it was identical to that for
the node 1. Thus, the ML analysis, as well as the NJ
analysis, suggested several independent lineages to
8-HDF—type photolyases, although the branching pattern
of the lineages in the ML tree was different from that in
the NJ tree. Therefore, the tree topology among the lin-
eages could not be uniquely determined in the current
approach.

Evolutionary Scheme of Photolyase—Blue-Light
Photoreceptor Family

As described above, the NJ tree is composed of two
clusters. The two clusters are connected by the longest
branch in the tree. In addition, both clusters include the
enzymes from three primary domains of organisms, ar-
chaebacteria, eubacteria, and eukaryotes. The observa-
tions suggest that the root of the family may be placed on
the longest branch. Introducing the putative root, the
schematic phylogenetic tree is redrawn (Fig. 4) where the
topologies of cluster 1 and 2 were reconstructed based on
those in the ML and NI tree, respectively. The node 1 is
the putative root of the tree, where the first gene dupli-
cation occurs. Both clusters include CPD photolyases,

Scheme of evolutionary process for the photolyase-photoreceptor family. The civcles with figures indicate the nodes corresponding to gene

which are derived from eukaryotes, eubacteria, and ar-
chaebacteria. The observation suggests that the ancestral
protein at node 1 was a CPD photolyase. However, we
could not identify the second cofactor of the ancestral
enzyme, because both MTHF and 8-HDF are used as the
second cofactors for CPD photolyases belonging to clus-
ters 1 and 2.

We searched for such nodes as correspond to the di-
vergence between proteins from eubacteria and those
from eukaryotes or archaebacteria in the schematic phy-
logenetic tree. Then, nodes A and C were selected as
putative species divergence points between eubacteria
and eukaryotes (see *‘The upper limit of species diver-
gence points between eubacteria and eukaryotes™ in Fig.
4). Here, we assumed that archacbacteria are evolution-
arily closer to eukaryotes than eubacteria (Iwabe et al.
1989). Nodes 1 to 8 (Fig. 4) in the upstream to the
putative divergence points were, then, considered to cor-
respond to the gene duplications, which had occurred
before the species divergence between eubacteria and
eukaryotes. As described above, node 1 corresponded to
the putative root of the tree, where the ancestral genes for
class I photolyases and class II photolyases diverged.
The gene duplication of the ancestral enzyme is consid-
ered to have occurred at least eight times, and the pro-
totypes of the current genes formed before the diver-
gence between eubacteria and eukaryotes. The genomic
redundancy of the photolyase genes in the ancestral or-
ganisms may be an adaptation against the high UV ra-
diation on the ancient Earth.

It is interesting and important to investigate which
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was the second cofactor of the ancestral CPD photolyase
at node 1, MTHF or 8-HDF. In addition, the problem is
related to the change in the second cofactor during the
evolution of the protein family. As described above, 8-
HDF-type photolyase derived from several different lin-
eages. Figure 4 shows a model with three lineages based
on the ML analysis. However, the interpretation of the
model differs depending on the second cofactor of the
ancestral enzyme. MTHF is widely distributed over the
current living organisms, while 8-HDF is rare. Therefore,
it seems likely that MTHF was used as the second co-
factor in the ancestral enzyme. If so, 8-HDF—type pho-
tolyase had independently appeared three times from the
enzymes in cluster 1 (nodes 2, 3, and 7 in Fig. 4). In this
case, MTHF-type photolyase was present on the line
connecting nodes 4 to 7 via node 6. Blue-light photore-
ceptor had functionally diverged from the CPD photoly-
ase at node 6. The gene duplication at node 7 was fol-
lowed by the functional divergence of each copy. One of
them evolved to be (6-4) photolyase, while another re-
mained CPD photolyase, although the second cofactor
changed from MTHF to 8-HDF. In cluster 2, 8-HDF-
type enzyme appeared at node C. On the other hand,
there is a report that 8-HDF is a more efficient photoan-
tenna than MTHF, whose ratio of electron transfer 1s one
and a half times higher than MTHF, including enzyme
(Kim et al. 1992). Thus, 8-HDF seemed more suitable to
adapt to the high UV environment on the ancient Earth,
and the ancestral enzyme may have used 8-HDF as the
photoantenna. Then, 8-HDF gradually replaced MTHF
as UV radiation on Earth decreased, because MTHF was
more abundant than 8-HDF. This idea also seemed as
likely as the former one. In this case, the ancestral pro-
teins on the line, connecting nodes 1 to 4 through nodes
2 and 3, were considered to have been 8-HDF—type pho-
tolyase. Similarly, 8-HDF—type photolyase were present
on the line connecting nodes 4 and 7 via node 6. The
change of the second cofactor from 8-HDF to MTHF
occurred on three lines in cluster 1. One of them con-
nected nodes 4 and 5, from which MTHF-type photoly-
ase appeared. The second line connected node 6 to blue-
light photoreceptor. The third one was a line connecting
nodes 7 and B. In cluster 2, the change of the second
cofactor from 8-HDF to MTHF occurred at node 8. As
deseribed above, it was difficult to identify the second
cofactor of the ancestral enzyme in the current approach.
Future study of this problem will reveal the adaptation
strategy of ancestral organisms on ancient Earth.
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