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Summary

In May 2009, several Psychrobacter spp. were found at the bottom of the Norwegian
sea outside of Svalbard. Four of these, P11F6, P2G3, P11G3 and P11G5, were selected
and sequenced for further work, and form the basis for this thesis. This work began with
automatic annotation using RAST. The four genomes were found to have between 3.2 - 3.4
million base pairs, a GC-content of 41.9 - 42.9 % and contained between 2674 and 2914
genes. RAST places genes in subsystems if it finds a gene that fits one of the 27 subsystems.
With few exceptions, the results from RAST showed an equal distribution of genes when
comparing the subsystem distributions of the four genomes. Mauve was used to analyse
how evolution had changed the genomes, and how whole blocks of genes had changed
positions compared to the other genomes. Visual observation by carefully zooming in on
specific parts of the genome verified that large parts of sequence were fully conserved in all
four genomes, as well as demonstrating that large stretches of sequence were close to fully
conserved, with the only difference being a shift in position relative to the other genomes.

Further investigations were performed to figure out if the Psychrobacter spp. contained
laccases. Six laccase-like multicopper oxidases (LMCQ’s) were found; two in each of
P11G3 and P11GS5, one in P2G3 and one in a plasmid of P11F6. Analyses showed that
these protein sequences consisted of 565 - 568 aa’s. The compositions of atoms and amino
acids were determined using EXPASY’s ProtParam. This showed great similarities, as well
as finding the molecular weight (63.7 - 64.1 KDa) and theoretical isoelectric point (6.75 -
8.59). Half-life was determined to be “above 10 hours” and all proteins were found to be
stable.

One of the most important features of the laccases are the copper binding residues, and
the LMCO’s were searched in hope of finding them. Using Phyre2, type 1 was found
in complete, while type 2 and type 3 were only partially found. Manual searches were
performed to find the remaining residues, and hence finding the complete Cu-binding sites.
These sites were found in the so-called signature sequences; conserved sequences which
were expected to be found in members of the multicopper oxidase family.

Further studies were done on visualizing the LMCQO’s in PyMOL, both separate and super-
positioned, to see differences and similarities. The 3D models showed that the LMCQO’s that
were expected to be similar based on the other analyses, turned out to have more different
structures. PyMOL was also used to visualize the substrate pockets and compare them
with regards to shape and size. Clustal was used to compare the sequences in alignments,
and both signal sequences and the full protein sequences were aligned and compared. The
phylogenetic trees made by Clustal showed the relationship between the LMCO’s. The sig-
nal sequences were investigated with PSORT-B to determine their subcellular localization,
which showed that all LMCO’s were destined for the periplasm.




Finally, the Psychrobacter sp. P11F6 was grown on media containing 2-methoxy-phenols,
in an attempt to alter the gene expression into transcribing LMCO’s, with 2-methoxy-
phenols being one of the many substrates of laccases and LMCO’s. As it turned out, the
LMCO?’s were not even on the list of upregulated genes. The promoter sequences for the
top ten transcript list were still identified. To see if any of these ten upregulated genes were
translated, the proteome was investigated. This showed only eight of the ten, although these
were upregulated when compared to P11F6 grown on media which did not contain the

substrate.
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Sammendrag

I mai 2009 ble flere forskjellige stammer av Psychrobacter funnet pa havbunnen ved Sval-
bard. Fire av disse stammene, P11F6, P2G3, P11G3 og P11GS5, ble valgt ut og sekvensert
for videre forskning og danner ogsa grunnlaget for denne masteroppgaven. Arbeidet i
masteroppgaven startet med at genomene ble annotert automatisk ved hjelp av RAST. De
fire genomene besto av 3,2 - 3,4 millioner basepar, hadde et GC-innhold pa 41,9 - 42,9 % og
inneholdt mellom 2674 - 2914 gener. De genene RAST kunne plassere i et subsystem ble
gruppert sammen med andre gener med tilsvarende kvaliteter i et av de 27 subsystemene,
og med fa unntak ble det funnet at de fire genomene hadde omtrent like mange gener i hvert
subsystem. Mauve ble brukt for & visualisere hvordan evolusjon hadde endret pa genomene
og hvordan hele blokker av genomet hadde endret posisjon i forhold til de andre genomene.
Ved & zoome inn pa forskjellige deler av genomene viste Mauve bade hvordan deler av
sekvensene var konservert i alle de fire genomene, og hvordan stgrre sekvenser var like
mellom to genomer, dog forskjgvet i posisjon.

Det ble videre undersgkt om de fire utvalgte Psychrobactene inneholdt laccaser. Seks
laccase-lignende multikobber oxidaser (LMCO) ble funnet; to hver i P11G3 og P11G5, en i
P2G3 og en i et av plasmidene til P11F6. Det ble funnet at disse seks proteinsekvensene
varierte mellom 565 og 568 aminosyrer. Videre ble EXPASY’s ProtParam brukt for &
bestemme sammensetning av bade atomer og aminosyrer, som viste store likheter, samt
molekyler vekt (63,7 - 64,1 KDa) og teoretisk isoelektrisk punkt (6,75 - 8,59). Halver-
ingstiden ble funnet a vaere «mer enn 10 timer», og alle proteinene ble vurdert som stabile.

En av de viktigste egenskapene til laccaser er de kobber-bindende aminosyrene, og
LMCO’ene ble ogsa undersgkt for a finne disse. Phyre2 fant type 1 fullstendig, mens
type 2 og 3 bare ble funnet delvis. Ved hjelp av manuelle sgk ble ogsa de resterende
delene av type 2 og 3 funnet. Det ble ogsa oppdaget at disse setene var plassert i de sakalte
signatursekvensene; konserverte sekvenser som var forventet a finne hos medlemmer av
multikobber oxidase-familien.

Videre ble LMCO’ene visualisert i PyMOL, bade alene og sammen, for & se pa forskjeller og
likheter. Modellene viste at de strukturene som var forventet & vere like, basert pa tidligere
undersgkelser, ikke var sa like som antatt. Samtidig var det andre og mer ulike sekvenser
som viste seg a ha mer lignende strukturer. PyMOL ble ogsa brukt for & visualisere sub-
stratlommene og sammenligne dem med tanke pa form og stgrrelse. ClustalW og Clustal
Omega ble brukt for & sammenligne sekvensene i alignments, og bade signalsekvensene
og de fullstendige proteinsekvensene ble sammenlignet. Fylogenetiske trer viste hvordan
LMCO’ene var beslektet. Ved a undersgke signalsekvensene med PSORT-B viste det seg at
alle LMCO’ene var antatt a havne i periplasma.
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I siste del av oppgaven ble Psychrobacter P11F6 dyrket pa medium med 2-methoxy-fenol,
for & se om dette kunne endre genuttrykket slik at LMCO ble uttrykt. 2-methoxy-fenol er et
av de mange substratene som laccaser og dermed ogsa LMCO bruker. Det viste seg derimot
at LMCO’ene ikke var a finne pa lista over oppregulerte gener. Promotersekvensene til
de ti mest oppregulerte genene ble likevel funnet og kartlagt. For & se om disse ti genene
ble translatert, ble de sjekket opp mot proteomet, som viste at atte av de ti ble funnet og
oppregulert i forhold til Psychrobacter P11F6 som vokste uten substratet.
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Chapter

Introduction

The work in this thesis is based on the discovery of four Psychrobacter spp. at the bottom
of the ocean outside Svalbard, which were named P11F6, P2G3, P11G3 and P11GS5. On
the way towards new discoveries in their genomes, we need to know what we are looking
for. What are these Psychrobacters, what can we expect to learn about them? What is the
function of a laccase, and can we expect to find them? What is a promoter, and why is
this relevant for this thesis? All of these questions, and much more, will be part of this study.

The structure of this thesis is as follows: Each chapter is divided into three parts; genome
studies, laccases/laccase-like multicopper oxidases (LMCQO’s) and finally transcriptomics/
proteomics/promoters. Each of these have undercategories as needed, but the pattern
remains the same. This means that in this introduction, the first part will start with the
Psychrobacter itself. The ways of learning more about their genomes is explained in section
2.1 and section 2.2, and the results are shown in section 3.1 and section 3.2.

The next part of the introduction includes the laccases/LMCQ’s, the enzymes that are
examined in various ways regarding chemical and physical properties, compositions, 3D
models, substrate pocket analysis and alignments, along with findings of signal sequences
and signature sequences in section 2.3, with results of these analyses shown in section 3.3.

In order to see how adding a specific substrate (2-methoxy-phenol) to the growth media
would affect expression of laccases, transcriptomics and proteomics data were analyzed in
part three. A general introduction to promoters is given in section 1.3. As transcriptomics
and proteomics were performed by others, only parts of the results from these analyses
are included, and focus here is more on the finding of promoters, which are shown in
section 2.4. The top ten list of transcriptome, a comparison to proteomic data, and the
found promoters are shown in section 3.4.

To give some more background information before we dive into what was actually done in
this thesis, some of the work that was already done will be presented. The discovery of the
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Psychrobacter spp., screening and sequencing and will be briefly covered in section 1.4,
before the aim of the study is defined in section 1.5

1.1 Psychrobacter

The bacteria in question in this thesis are Psychrobacter spp., which were found at the
bottom of the ocean outside of Svalbard in 2009. The name Psychrobacter was first used by
Juni and Heym in 1986, when they suggested it as a name for the new strain of bacteria they
had found (Juni and Heym, 1986). The name was rather descriptive, with “Psychro” from
greek, meaning cold, and “bacter” meaning rod, it was the name of a rod growing at cold
temperatures. Psychrobacter belong to the class of gammaproteobacteria and the family of
Moraxellaceae. The strains of Psychrobacter were found to be aerobic, gram-negative and
non-motile, halotolerant, being both nonpigmented and nonsporulating and being positive
for both catalase and oxidase. The penicillin-suspectible coccobacilli were found to be
0.4 - 1.5 pm in diameter and 0.4 - 3.8 pm long (Juni and Heym, 1986; Bozal et al., 2003).
Genome studies of various Psychrobacter spp. have shown a GC content ranging from 41
to 47 % (Bozal et al., 2003). Genome sequencing of P. arcticus 273-4 and P. aquaticus
Strain CMS 567 showed lengths ranging from 2.65 - 3.2 million bp (Ayala-del Rio et al.,
2010; Reddy et al., 2013)

1.2 Laccases

In general

Laccases (EC 1.10.3.2), or benzenediol oxygen oxidoreductases, are polyphenol oxidases.
Laccases were first named “laccase” by Bertrand in 1894 when he studied the enzyme
from the latex of the lac tree Rhus succedanes (Bertrand, 1984). Using molecular oxygen
as electron acceptor, the enzymes catalyze oxidation of phenolic compounds (Sharma
et al., 2007). These enzymes are the most numerous members of the multi-copper protein
family, and can participate in cross-linking of monomers, degradation of polymers and ring
cleavage of aromatic compounds (Kawai et al., 1988). Having a broad range of substrates,
the laccases show many features that are interesting in a biotechnological point of view,
such as decolorization of dyes (Baldrian et al., 2006) and lignin biosynthesis (O’Malley
et al., 1993), as well as having potential applications in food industry, pulp/paper industry,
nanobiotechnology, soil bioremediation and cosmetics (Couto and Herrera, 2006). One
way of screening for laccase-producing microbes is using 2-methoxy-phenol (guaiacol) as
substrate (Kiiskinen et al., 2004).

Laccases are commonly found in nature, and the first one found in a prokaryot was in
Azospirillium lipoferum (Givaudan et al., 1993). The laccases found in plants and fungi are
mostly extracellular, helping them avoid the problem of reactive species, while the ones
found in bacteria are mostly found to be intracellular (Diamantidis et al., 2000). Studies
have shown that the molecular weight of laccases can vary from 32 - 130 KDa, depending
on the type of organism it came from (Morozova et al., 2007; Ihssen et al., 2015). Studies
on laccases from plants and fungi have shown pl values ranging from 2.6 - 9.5, with T, /5
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1.2 Laccases

ranging from 0.2 - 192 hours when measured at temperatures ranging between 40 - 80 °C
(Morozova et al., 2007). Several bacterial laccases and laccase-like proteins were compared
and found to have a length of 348 - 1662 aa (Sharma et al., 2007).

There are several other, similar enzymes that uses copper for oxidizing substrates, all
being members of the multicopper-oxidase family. Examples of these are ferroxidase (EC
1.16.3.1) or ascorbate oxidase (EC 1.10.3.3). Other enzymes can be found that resemble
these enzymes, such as laccase-like multicopper oxidases (LMCO). The common feature
for all of these, along with oxidation using copper (Cu), are the Cu binding sites.

Cu binding sites

Cu can be bound in several places, giving name to binding sites of type 1 (T1), type 2
(T2) and type 3 (T3), where T2 and T3 can create a nuclear cluster (Fee, 1975; Colman
etal., 1978). The T1 Cu binding site is created as a trigonal coordination, having two His
and a Cys residue conserved plus one variable position, as can be seen in figure 1.1. The
conserved positions create the equatorial ligands, while the variable one, usually a Met
in bacteria and Leu or Phe in fungal laccases, creates an axial ligand (Claus, 2004). The
T1 Cusite is the place of substrate oxidation, due to the high redox potential in this area,
while the trinuclear cluster of T2 and T3 reduces molecular oxygen and releases water.
This site is usually created by eight His residues; two in T2 and six in T3. Kumar et al
did a multiple alignment of more than 100 laccases, in hope of finding sequence regions
connected to the trinuclear Cu binding sites (Kumar et al., 2003). This showed four regions,
which exist in four patterns of HXH, with X being a variable aa. In one of these regions, X
is the Cys found in the T1 site. These results were confirming the genome comparisons
done by Solomon et al in 1996, which used multiple multicopper oxidases from different
species, trying to identify binding sites among others (Solomon et al., 1996).

As shown in figure 1.1, it takes eight His residues to create the trinuclear cluster, while
the T1 site is made out of His - Cys - His - Met. In this case, Cys492 is surrounded by
His491 and His493, which are used in each of the two T3’s. The His residues come in HXH
format, such as His105 - X - His107 and His422 - X - His424. As the figure shows, these
His residues belong to different Cu’s.
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Figure 1.1: The figure shows how the copper sites are organized in Bacillus subtilis. Cul is the T1,
made out of His - Cys - His - Met. Cu2 and Cu3 are of T3, with the belonging six His residues.
Finally, Cu4 is T2, consisting of two His. Figure by Enguita et al. (2003)

It has been shown that these copper ligands are found in four specific patterns (Reiss et al.,
2013):

HXH

HXHG

HXXHXH
HCHXXXHXXXXM/L/F

Signature sequences

Proteins that belong to the same family share sequences that distinguish them, known as sig-
nature sequences. It has been found that the laccases can contain several types of signature
sequences, both sequences that are found in members of the multicopper oxidase family,
and sequences that are specific to laccases (Ouzounis and Sander, 1991; Kumar et al., 2003).

The two following sequences have been reported as signature sequences in multicopper
oxidases:

Type 1: G-X-[FYW]-X-[LIVMFYW]-X-[CST]-Xg-G-[LM]-X3-[LIVMFW]
Type 2: H-C-H-X3-H-X3-[AG]-[LM]




1.3 Promoters

Whereas the following four sequences have been observed as signature sequences in laccases
in specific:

L1: H-W-H-G-Xg-D-G-X5-Q-C-P-I

L2: G-T-X-W-Y-H-S-H-X3-Q-Y-C-X-D-G-L-X-G-X-[FLIM]

L3: H-P-X-H-L-H-G-H

L4: G-[PA]-W-X-[LFV]-H-C-H-I-D-A-E-X-H-X3-G-[LMF]-X3-[FLM]

The X in the signature means any residue, while the [ ] indicates that any of the residues
inside the brackets can be found in that position. As seen when comparing the sequences,
L2 can conform into type 1, and L4 can conform into both type 1 and type 2. There are also
similarities between L1 and L3, and L2 and L4. Although not statistically significant, there
are some residues that are fully conserved within sequences of all laccases, such as the
copper binding sites, which are found within these sequences (Kumar et al., 2003). When
comparing these signature sequences to the patterns in the previous section on cu sites, it
becomes clear that these are the same thing, and hence it is certain that the cu sites will be
found within these sequences.

1.3 Promoters

Promoters are important in DNA transcription, as they are the ones that regulate binding
of RNA polymerase. An example of a prokaryot promoter can be seen in figure 1.2. A
prokaryot promoter contains a -10 region and a -35 region, which are binding sites/regulators
for RNA polymerase. Transcription start site is in this case considered to be +1, meaning
that -10 and -35 regions are 10 and 35 bp upstream of transcription start site, respectfully.
-10 regions are usually around 8-10 bp long, while -35 regions are 5-6 bp long. In the
section on promoters, Ribosome Binding Sites (RBS) will be searched for along with -10
and -35 regions. RBS’ are expected to be found about six bases upstream of the start codon,
although this is not included in the figure. These values are only approximations, and can
vary (MendelUniversityBrno, 2015).

Bacterial promoter Transcribed sequence
Transcription
5 3
-35 -10 +1
region region

Figure 1.2: The -10 and -35 regions of a promoter shown in a simple figure. Figure by (MendelUni-
versityBrno, 2015)
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1.4 Pre-work

As this thesis only involves applied bioinformatics, this section will explain in short what
was done before the work in this thesis started. This work was done under supervision of
associate professor Martin Hohmann-Marriott (NTNU), researcher Rahmi Lale (NTNU)
and Alexander Wentzel (SINTEF), and is part of the Ph.D - thesis of Morteza Shojaei
Moghadam. Parts of the work, such as the sequencing and the transcriptomics, was per-
formed by Christian Riickert (Moghadam et al., 2015). The proteome data was given by
Animesh Sharma.

It all started in May 2009: In collaboration with UiT (the Arctic University of Norway,
Tromsg), the research cruise R/V Jan Mayen sampled biota, water and sediments in ten
different locations in the region between and around the Svalbard archipelago and Bear
Island in the Barents Sea. This collection of samples lead to establishment of a library
containing 1448 single bacterial isolates, originating from biota (773), water (257) and
sediments (418). Based on 16S rDNA sequences of 550 isolates, the library consists of at
least 31 genera.

The Psychrobacter spp. used in this thesis were found at a depth of 20 m. Along with the
rest of the bacteria from the sampling, they were cultivated and kept in 96-well plates, each
well having a different strain. Bacteria from each well were grown on plates containing
2-methoxy-phenol, to screen the ones that showed typical laccase-activity of oxidizing
these monophenols. Laccase-activity would be shown by brown colour zones around the
colonies. The 13 colonies that showed this phenotype were further chosen and investigated,
and 16S sequencing showed that the colonies were Psychrobacter spp.. This was done to
determine which colonies to further work with. Four out of the thirteen were chosen based
on a phylogenetic tree, choosing the ones that were most different from the others; P2G3,
P11G3, P11GS5 and P11F6. Using Illumnia MiSeq, the whole genomes were sequenced
by Christian Riickert, trying to identify, among others, laccases. Six laccase-like multicop-
per oxidases were found and their signal sequences were determined by Morteza Shojaei
Moghadam (Moghadam et al., 2015). And from here, the work presented in this thesis
began.

1.5 Aim of study

The overall aim of this thesis is to get an overview of the genomes of the four Psychrobacter
spp. and look at their differences and similarities, learn as much as possible about six
putative laccase-like proteins, and finally comparing transcriptomics and proteomics of
the top ten up-regulated genes when growing Psychrobacter P11F6 on media containing
2-methoxy-phenol and finding the promoters to these genes, all using nothing but bioinfor-
matics tools of various kinds. The first part of the study involves the genomes. The specific
aim here is to do an automatic annotation using RAST and figure out roughly what kind of
genes these genomes contains, comparing sizes and contents. The second aim here is to see
how the genomes have evolved and changed over time, which will be done by using the
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program Mauve.

The second part of the study involves laccase-like proteins. Even though laccases and other
multicopper oxidases have been broadly studied from other organisms, such as fungi and
plants, the ones with a bacterial origin have been left out a bit. The aim here is to see how
these proteins are composed, how they differ from each other and try to discover more about
their properties, along with trying to see if they actually are laccases. This includes finding
compositions of aa/atoms, lengths, estimates of half-life and stability, finding substrate
pocket residues and making 3D models, as well as doing multiple alignments to discover
more on relationships and finding signature sequences.

The final part of the study involves transcriptomics, proteomics and promoters. The aim here
is to see if growing the Psychrobacter P11F6 on media containing 2-methoxy-phenol will
lead to an upregulation of laccase, seeing if it leads to an upregulation of laccase proteins
and finally studying the promoters of the actually upregulated genes. Transcriptomics
and proteomics were performed by Christian Riickert and Animesh Sharma, and for the
promoters, these will be found by Softberry’s BPROM and manual searching.




Chapter 1. Introduction




Chapter

Methods and programs

In this chapter, the genomes of four chosen species of Psychrobacter are analyzed in various
ways, from whole genome analysis to specific genes, the laccase-like multicopper oxidases
(LMCQO?s), and finally the chapter ends up with a part on promoters and transcriptomics and
proteomics under certain conditions. This will be done by introducing the various types of
programs used, and how they are used, including settings. These types of programs includes
Rapid Annotation of Subsystem Technology (RAST) and Mauve for whole genomes, and
Protein Homology/analogY Recognition Engine V 2.0 (Phyre2), PSORT-B, ProtParam,
Clustal and PyMOL for the LMCO’s. For promoters in the transcriptomics section, manual
searching and Softberry’s BPROM are used, while the transcriptomics and proteomics data
was created by others using methods that will not be covered here.

2.1 RAST annotation

Manual annotation of a shorter DNA sequence is always possible, although time consuming.
When it comes to full genomes however, they are not possible to annotate by hand, unless
you have way too much spare time. As new technologies for sequencing are discovered
and developed by the week, the need for automatic annotation is growing. Speed, although
somewhat important, is less important than accuracy, completeness and consistency, and
this is the focus of all the developers of automatic annotation software. One of the ways this
has been solved is by using a growing library of subsystems, such as the ones used by RAST
(Aziz et al., 2008). RAST produces two classes of asserted gene functions: subsystem-
based assertions and nonsubsystem-based assertions. Subsystem-based assertions are based
on recognition of the functional variants of subsystems, while the nonsubsystem-based
assertions are filled using a number of other, more common tools. A subsystem is defined
as a set of abstract functional roles, and all subsystems in RAST are manually curated.
This means that proteins that do something similar, can be part of the same subsystem.
RAST also uses another collection of protein families; FIGfams, which are derived from the
subsystem technology. Each FIGfam consists of a set of proteins, which are isofunctional
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homologs, meaning that they’re thought to have the same function and come from a com-
mon ancestor. FIGfams are not manually curated, but can be based upon both subsystems
and non-subsystems (Parrello, 2015).

The pipeline in RAST in short is as follows (Aziz et al., 2008):

- Calling tRNA and rRNA genes

- Making an initial effort to call protein-encoding genes

- Establishing phylogenetic context

- Searching in the FIGfams of a “neighbour” genome

- Recalling protein-encoding genes

- Processing the remaining genes against the whole FIGfam collection
- Clean-up gene calls

- Processing the remaining proteins and finally constructing an initial metabolic model

Talking about RAST without including the SEED makes no sense, as these two are highly
intertwined. The SEED (Overbeek et al., 2014) is a database for bioinformatics research,
which integrates a genome database, Application Programming Interface (API), a web front
end and server scripts, as well as housing the subsystems and FIGfams used in RAST. The
database is constantly updated, to ensure the results are as good as possible. Basically, the
SEED holds all the information, or links to where to find the information, used in RAST.

The RAST user interface is highly intuitive. Both FASTA format and genbank format files
can be uploaded to RAST, in this thesis the genome sequences came in FASTA format.
Uploading to RAST happens in three steps, where only step two and three have a number
of settings. Step one has no settings, as it only involves choosing which file to upload. In
step two, information about the genome is given, while settings for the annotation are set in
step three. The settings chosen for step two are listed in figure 2.1, here using P11F6 as
an example. Along with this info, it is possible to enter both taxonomy ID and taxonomy
string if this kind of information is available. Entering a valid NCBI taxonomy ID leads to
RAST attempting to fill in the form, which otherwise has to be filled in manually. These
were left blank in uploading the genomes in this thesis, as a valid NCBI taxonomy ID was
not available and is therefore not included here.
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—Genome information

Taxonomy Fill in form based on NCBI taxonomy-ID. « If you enter a valid NCBI taxenomy-ID and click "Fill in form
ID: based on NCBI taxonomy-ID," RAST will attempt to
automatically fill in the form below. You may then edit any
incorrect field values before going to the next step.
« If you do not know the taxonomy-ID of your genome, please
leave the taxonomy-ID field blank, and fill in the fields
manually.

Taxonomy + If you leave this field blank, RAST will fill in a dummy
string: taxonomy string of the form “Domain; genus species strain.",
4 based on the form entries below.

Domain: @© Bacteria Archaea Virus
Genus: Psychrobacter « E.g., "Escherichia”. If you do not know the genus, leave blank,
and it will default to "Unknown".

Species: [gp - E.g., "coli”. If you do not know the species, leave blank, and it
will default to "sp.".

Strain: P11F6 « E.g. "str. K12 substr. MG1655". This field is optional. (May also
be used as a comment.)

Genetic ® 11 (Archaea, most Bacteria, most Virii, and some Mitochondria)
Code:

4 (Mycoplasmaea, Spiroplasmaea, Ureoplasmaea, and Fungal Mitochondria)

Use this data and go to step 3

Figure 2.1: Options the user has when uploading P11F6 to RAST in step two. The settings used
for uploading the four Psychrobacter spp. genomes are shown, as well as leaving the two fields on
taxonomy blank. These settings were used for all genomes, not only P11F6.

As seen in figure 2.1, “taxonomy ID” and “taxonomy string” were not included, as there
was no information on this area. Being bacteria, choosing “domain” was simple. Filling in
Psychrobacter as “genus” was also a given. If this is left blank, it defaults to “unknown”.
Not knowing the name of the species, this was set to sp., which gave the same results as
leaving it blank. The strain field is optional, and can be used as a comment field or some
kind of ID, as it was here in the example for P11F6. “Genetic code” was set to “11”, which
corresponds to most bacteria.

There are several settings that can be altered in the final step of uploading the genome to
RAST, which can be seen in figure 2.2. Choosing Classic RAST as “annotation scheme’
means using the current production of RAST, which was chosen above RASTK, as this was
currently in testing. Choosing RAST as “gene caller” instead of GLIMMER-3 was done to
prevent disabling of automatic error fixing, frameshift corrections and backfilling of gaps,
which is the default setting when using GLIMMER-3. FIGfam “version 70” was used, as it
was the newest release at the time of uploading. “Automatically fixing errors” were turned
off, as this could lead to deletions of gene candidates. The “fix frameshift” box was checked
in order to have any problems with frameshifts fixed. The “build metabolic model” was
also checked, as it at this point was not known if that would be useful for further work with
the finished annotations. The “backfill gaps” box was also checked, as this would make the
pipeline blast large gaps in the genome, and perhaps find some missing genes. Checking
the debugger would create a list of debug statements, if any debugging was done along the
way, which also would come in handy, leading to this being chosen. Verbosity level was
left at the default value of 0, and by disabling replication, every job was run from scratch,
even if it was identical to any other uploaded job.

)
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—RAST Annotation Settings:

Choose RAST Classic RAST 2 Choose "Classic RAST" for the current production RAST, or "RASTtk" for the new modular RAST pipeline currently in testing.

annotation

scheme

Select gene caller | RAST 5 Please select which type of gene calling you would like RAST to perform. Note that using GLIMMER-3 will disable automatic
error fixing, frameshift correction and the backfilling of gaps.

Select FIGfam Release70 4 Choose the version of FIGfams to be used to process this genome.

version for this

run

Automatically fix Yes The automatic annotation process may run into problems, such as gene candidates overlapping RNAs, or genes embedded

errors? inside other genes. To automatically resolve these problems (even if that requires deleting some gene candidates), please
check this box.

Fix frameshifts? & ves If you wish for the pipeline to fix frameshifts, check this option. Otherwise frameshifts will not be corrected.

Build metabolic  (# Yes If you wish RAST to build a metabolic model for this genome, check this option.

model?

Backfill gaps? ¥ Yes If you wish for the pipeline to blast large gaps for missing genes, check this option.

Turn on debug? ¥ Yes If you wish debug statements to be printed for this job, check this box.

Set verbose level o Set this to the verbosity level of choice for error messages.

Disable ¥ Yes Even if this job is identical to a previous job, run it from scratch.

replication

" Finish the upload

Figure 2.2: Options used when uploading P11F6 to RAST in step three, along with the reasons
RAST gives for why the user should choose the different settings.

When RAST is finished processing, the gene browser can be used to take a look at the anno-
tation. It is possible to download the annotation in various formats, including comparing it
to other annotations. The results from the annotations made here can be seen in section 3.1.

2.2 Mauve

As time goes by and genomes evolve, processes such as genome rearrangement, horizontal
transfer, deletions and insertions all contribute to genomes becoming mosaics of specific
gene segments. Mauve is a program that lets the user upload two or more genomes and
compare them on an evolutionary level (Darling et al., 2004), by combining analysis of
large-scale evolutionary events with the more traditional multiple sequence alignment.
Where a multiple alignment will compare base by base or aa by aa, Mauve aligns blocks of
genes, hereby identifying conserved regions, inversions, rearrangements and breakpoints
across many genomes at once. Mauve is based on identifying and aligning locally collinear
blocks (LCBs), which are homologous regions of sequence shared by at least two of the
uploaded genomes. These blocks do not contain any rearrangement, and should therefore
be identical in all the genomes that contain that specific block. Each block is weighted,
providing a measure of confidence, and the user can choose minimum weight in order to
ensure results that are more or less likely, depending on individual needs of specificity
and sensitivity. The exactly matching boxes that are found in two or more of the genomes
but occur only once in each genome, and is bounded by mismatched nucleotides on either
side, is the secret to how Mauve works. The fact that they should occur only once is a
part of the secret, as one of the major challenges is to figure out which of the regions
to combine if there are many similar. These boxes are called Multiple Maximal Unique
Matches (Multi-MUMS), and are used as anchors in determining which regions are actually
homologous blocks. They all have a certain minimum length, and are exactly matching
sequences, which reduces anchoring sensitivity.
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The alignment algorithm can be summed up as follows (Darling et al., 2004):

- Find local alignments (multi-MUMs)
- Use them to create a phylogenetic tree
- Select a set of multi-MUMs to use as anchors in LCBs

- Use the anchors to identify alignment and finally perform alignments of each LCB by
using the guide tree

The algorithm is made to identify both the matching regions and the regions which are
specific for each of the genomes. Using the first genome as a reference, the boxes in the
other genomes are oriented based on this.

Using Mauve only requires having genomes in FASTA format. The wanted number of
genomes are uploaded at the same time, and compared. Settings in this case were left at
default.

2.3 Laccase-like multicopper oxidases

Changing focus from genomes as a whole to only a specific protein, laccases were searched
for. The first identification of possible genes was done by Morteza Shojaei Moghadam,
where known sequences were used as queries to perform BLAST searches against the
whole genomes. A total of six laccase-like multicopper oxidase (LMCO) genes were
found; two in P11GS5, two in P11G3, one in P2G3 and the final one in a plasmid of P11F6.
The signal sequences were determined, along with properties such as length, amino acid
composition and molecular weight. ProtParam was used for physiochemical properties,
Phyre2’s Investigator for Cu binding sites, PSORT-B for the subcellular location, PyMOL
for visualizations, and ClustalW and Clustal Omega for alignments were all used in order
to learn as much as possible about the proteins. All of these results are shown in section 3.3.

2.3.1 ProtParam

Starting with the basics, Expert Protein Analysis System (ExPASy)’s ProtParam and plI/Mw
computing tool (Gasteiger et al., 2005) were used to compute various physical and chemical
properties of the LMCQ’s. This included molecular weight (Mw), composition of amino
acids, estimated half-life, isoelectric point (pI) and instability index. Mw, pI and composi-
tion is found by simply counting the contents, and then showing final counts or multiplying
with e.g., weight. pl is calculated using pK values of amino acids at pH between 4.5 and
7.3, and temperature at 15 °C and 25 °C.

Estimation of half-life is a prediction of the time it takes for half the content of the protein to
disappear after synthesis in the cell. Half-life estimation is based on the “N-terminal rule”,
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relating the half-life to the residue in the N-terminal of the protein. Depending on species
and residue compositions, the half-life can vary from minutes to hours. ProtParam estimates
half-life for human, yeast and E.coli, and from these results it’s possible to extrapolate
the results to find predictions for similar organisms. This prediction is based only on the
content in the N-terminal, and does not include variations in the environment.

Instability index gives an estimate of how stable the protein would be in a test tube. This is
based on some specific dipeptides, who’s presence makes a protein more stable. Weighted
values of 400 dipeptides are used to compute instability index, where an index below 40
means the protein is considered stable.

Neither ProtParam nor the additional site for computing pI/Mw require any settings, only
pasting the protein sequence into the assigned box and pressing “go”. The results from
these analyses are shown in section 3.3.1

2.3.2 Phyre2

Phyre2 is a program that can be used for prediction and analysis of protein structure, as
well as showing function and mutations (Kelley et al., 2015). When uploading a protein
sequence to Phyre2, the pipeline involves:

- Detecting sequence homology

- Predicting secondary structure and disorder

- Constructing a hidden Markov model (HMM) and scanning it against a library
- Constructing 3D models based on the HMM

- Modelling insertions/deletions

- Modelling aa side chains

- Submission of top model for binding site prediction and transmembrane helix and topol-
ogy prediction

Phyre?2 also uses other programs in order to give more information on the uploaded protein,
such as fpocket for pocket detection (Le Guilloux et al., 2009).

When uploading using “intensive” modelling, the models are further investigated after
construction. This is to ensure templates with maximum sequence coverage and confidence.
Once the model prediction is done, it’s possible to choose the best model and compare
it further in the Investigator. Phyre2 shows a list of the top 20 similar proteins, called
templates, which are ordered by similarity. From here, one can use the Investigator to
compare the uploaded protein to the chosen template. The list of proteins compared to the
uploaded one has two important fields for determining which protein to choose; confidence
and % ID. Confidence indicates the probability (0-100) of the uploaded sequence and the
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template being true homologous. This value does not represent the accuracy of the model,
although related. Having a confidence level >90 % means that you can be very confident
that the uploaded sequence is similar to and adopts the overall folds of the template.

ID shows the percentage of identity between template and uploaded sequence. You want
this to be above 30-40 % for extremely high accuracy, although models with ID >15 % are
still useful if the confidence is high. In this case, all templates chosen were the top ones,
having an ID of 24-25 % and a confidence of 100.0.

Once the Investigator has finished the comparison to the template model, it shows three
tabs of analyses; quality, function and Conserved Domain Database (CDD), all containing
a number of analyses that can be performed. In this thesis, Phyre2 was used to find T1 Cu
binding site, trinuclear site, and the substrate pocket in the protein. Once the Investigator
was finished investigating, “pocket detector” in the function tab was used for finding the
pocket, while the CDD tab was used to find the T1 Cu binding site and the trinuclear Cu
binding site. All of these results are shown in section 3.3.2.

2.3.3 PSORT-B

To further discover more about the signal sequences, they were analyzed for their final
location. Prediction of subcellular location can gain insight in a whole bunch of things,
such as function and detection of drug targets, and computational predictions provides
a quick and inexpensive way of getting this information. One of the programs that can
perform this prediction is PSORT, which was first introduced in 1991 (Nakai and Kanehisa,
1991), and the first version of the improvement PSORT-B came in 2003 (Gardy et al., 2003).
PSORT and PSORT-B’s prediction is based upon the protein sequence of gram negative
bacterial proteins, and compares it to protein sequences with known subcellular locations.
By searching and comparing to known sequences, which compose structures such as signal
peptides or transmembrane « helices involved in known subcellular location, the signal
sequence can be put into one of five categories: extracellular, outer membrane, periplasmic,
cytoplasmic membrane or cytoplasmic. The sequence in question is compared to the known
sequences of all categories, and each get a score on how much it resembles. The highest
score decides which category the protein belongs to.

The current version of PSORT-B is 3.0 (Yu et al., 2010), which was used to predict subcel-
luar location in the LMCO’s. This was done using organism type “bacteria” and gram stain
“negative” in the upload. The results from this analysis are shown in table 3.9.

2.34 PyMOL

For visualizing the LMCO’s in 3D, PyMOL was used. PyMOL is a molecular visualization
system that makes it possible to visualize both entire proteins and parts of proteins, as well
as superpositioning them. PyMOL is open-source, and as the name suggests, written and
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extensible in the Python programming language (Schrodinger, 2010).

PyMOL was used to visualize the LMCO’s and superpositioning them both as a whole and
in regards to the pockets found in section 2.3.2. The output files from Phyre2 were used in
PyMOL, simply uploading them when needed.

3D models

In choosing which of the LMCO’s to superposition, this was first done on LMCO3 and
LMCOA4. These two were chosen rather arbitrarily, vaguely based on the analyses that had
been performed and knowing that these two were supposed to be similar. As these two
both came from P11G3, the structures were thought to be closely related. Following this, a
superpositioning of LMCO1 and LMCO2 was made, to see if these two would show similar
structures. Coming from P11F6 and P2G3 respectfully, there was no prediction of how
similar these two would be. The results from this lead to a superpositioning of LMCO1 and
LMCO3, to see if the predicted similarity was real. Then finally, a superpositioning was
made for LMCOS5 and LMCO6, just to see if they followed the patterns shown by the others.
When making the models and the superpositionings, all proteins were shown in “cartoon”
mode, which included secondary structures such as « helices and 3 sheets. This was
chosen to visualize the proteins in the best way possible. The models were also coloured by
secondary structures, using Helix- - for one of the models and Helix-Sheet-Loop
for the other. In the superpositioning, these colours are mixed together if the sequences
have a total match, which can be most easily seen in the 5 sheets, which in many places are
both yellow and bright purple. To make the comparisons easier, the models were kept in
the same position both for single and superpositioned models. All the 3D structures and
superpositions are shown in section 3.3.4.

Pocket analysis

One of the many features in PyMOL is the possibility to show parts of proteins. Using
the same models as before with the results from Phyre2, it was possible to manually mark
each of the residues which were part of the pocket. With all the residues of the pockets
marked, “sphere mode” was used to visualize the pocket residues. To further separate the
pocket from the rest of the protein, all the spheres were coloured pink, to give a contrast to
the green, red and yellow patches of the protein models. By hiding the rest of the protein,
visualizing only the pockets made it possible to compare them. The pockets are shown in
section 3.3.4.

16



2.4 Transcriptome, proteome and promoters

2.3.5 Clustal

Multiple alignments are useful for visualizing similarity between parts of or complete
sequences. The European Bioinformatics Institute (EMBL-EBI) provides many alignment
tools, both for pairwise and multiple alignments in multiple versions (Goujon et al., 2010;
McWilliam et al., 2013). Two of the most common ones for multiple alignment are Clustal
Omega (Sievers et al., 2011) and ClustalW (Larkin et al., 2007). The classical versions like
ClustalW and ClustalX are slowly being phased out and taken over by Clustal Omega, the
newest member of the Clustal family. New and improved algorithms keep the programs up
to date and makes alignments faster and more accurate. Some of the new improvements
in Clustal Omega is the use of HMM-profiles and seeded guide trees, which means the
program can align almost any number of protein sequences both quickly and accurately.

In this study, Clustal Omega was chosen for aligning the whole LMCO’s sequences, and
ClustalW for aligning the signal sequences. Even though the alignment for the whole
sequence also includes the signal sequences, the overall alignment of the whole sequence
did not give the signal sequences the attention they deserved. Therefore, a multiple align-
ment of the signal sequences was created in ClustalW, to see how similar they actually were.

All default settings were used in uploading the sequences to both ClustalW and Clustal
Omega, including using a Gonnet matrix for scoring the alignment. The final alignment of
the signal sequences can be seen in figure 3.13, along with a phylogenetic tree, also created
by ClustalW, in figure 3.14. The alignment of the full sequences can be see in figure 3.15,
along with the corresponding phylogenetic tree in figure 3.16.

2.4 Transcriptome, proteome and promoters

When all the research on the LMCO’s was done, we wanted to see how the LMCO in P11F6
were regulated when the substrate 2-methoxy-phenol was added to the growth media. As
previous research had shown in section 1.4, the medium around the colonies turned brown,

as an indication of oxidation of substrate. It was therefore expected to see an up-regulation
of LMCO.

2.4.1 Transcriptome and proteome

Transcriptome and proteome analyses were performed by Christian Riickert and Animesh
Sharma, respectfully. The chosen strain of Psychrobacter, P11F6, was grown both with and
without substrate, and the transcriptome and proteome were measured. This resulted in a
list of up/down regulated transcripts and proteins. First, the top ten list of upregulated tran-
scripts was picked out, studied, and compared to the proteome results for the same proteins.
Not being a part of this thesis, the exact details on how these studies were performed are
not discussed further. Only the results from these studies are used further.
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Following the finding of the top ten upregulated genes, the promoters for these genes were
identified.

2.4.2 Promoters

Finding the promoters was done partly manually. This was done by identifying the top ten
proteins based on M-values after transcriptomics analysis. One by one, these ten protein
sequences were picked and analyzed. The DNA sequence was identified and isolated along
with approximately 500 bp upstream of start codon. For proteins on the reverse strand, the
sequence was reversed and complemented, and this sequence was further used for analysis.
The final results were still given in forward strand notation.

The start/stop codons were identified, along with any differences found by SnapGene
Viewer. The sequence upstream of the start codon was then analyzed using Softberry’s
BPROM (Solovyev, 2011), which is a promoter prediction program. BPROM bases its
predictions on genes regulated by sigma70 promoters, which is one of the major promoter
classes in E.coli. Combining characteristics describing oligonucleotide composition and
functional motifs, the linear discriminant function (LDF) is created as a “score” of how
good the prediction is. This number is based on five motifs found in promoters, distance
between the -10 and -35 boxes and the frequencies of certain octanucleotides which are
overrepresented in the transcription start sites. Using this information, the score is approxi-
mated as:

LDF = log ( P(is a promoter) )

P(is not a promoter)

This means getting a score of 0 will only be a neutral value, and there are no upper/lower
limits on this logarithmic scale. The threshold for predicting a promoter is set to 0.20, and
every promoter predicted gets its own score.

As said, approximately 500 bp upstream of the start codon were used to predict promoters,
even if these are usually found closer. Uploading the sequence lead to prediction of -10 and
-35 regions and transcription start site. All possible regions were marked. The final search
for ribosome binding sites (RBS’s) was done manually in the sequence. Searches were done
for AGGAGG, AGGAGN and AGCA. As most of the searches done by BPROM resulted
in two possible promoters, the final search for RBS’s was used to determine which one
was the most reliable, along with comparing LDF scores. In all of the cases, the promoter
region closest to the start codon was chosen.
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The goal in the first part of this study was to learn more about the four genomes of Psy-
chrobacter spp., seeing their similarities and differences, and learning a bit about their
evolutionary development. This was done using RAST for annotation, as seen in section
2.1, and Mauve for evolution in section 2.2. These results will be presented in section 3.1
and section 3.2. Changing from genomes to proteins in part two, LMCO’s were identified
and investigated in various ways in section 2.3, with focus on size, amino acids, signal
sequences and binding sites among others. The results from these analyses are all presented
in section 3.3. The third and final part involves transcriptomics and proteomics of P11F6
grown on media containing 2-metoxy-phenol, where promoter sequences were found for
the top ten up regulated genes, and transcription levels were compared for P11F6 growing
on substrate/no substrate, as seen in section 2.4. These results are presented in section 3.4.

3.1 RAST

The first views of the results of a RAST annotation are shown in a graphic view, which in-
clude a percentage of subsystem coverage in a bar graph, a subsystem category distribution
in a pie chart and a list of subsystem feature counts. The results from the annotations of
the four novel Psychrobacter strains are shown in these graphical views in section 3.1.1,
followed by a first comparison of the genomes in terms of size, CG-content and number of
coding sequences, RNAs and subsystems in section 3.1.2. The final part of the RAST re-
sults includes a comparison of the distribution of genes into each subsystem in section 3.1.3.
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3.1.1 Graphical distribution of genes

The graphical view of the annotation of the four genomes of Psychrobacter spp. is shown
in figure 3.1, divided into parts a-d. These graphical views include subsystem coverage,
subsystem coverage distribution and subsystem features counts. As the figure shows, there
are clear differences between the numbers subsystem coverage, the distribution in the pie
charts are not identical and the corresponding numbers in the feature count are different
when comparing the four genomes. These numbers will be revisited in section 3.1.3.

Subsystem Coverage Subsystem Category Distribution Subsystem Feature Counts

Cofactors, Vitamins, Prosthetic Groups, Pigments (226)
Cell Wall and Capsule (132)

Virulence, Disease and Defense (63)
Potassium metabolism (10)
Photosynthesis (0)

Miscellaneous (25)

Phages, Prophages, Transposable elements, Plasmids (0)
Membrane Transport (103)

Iron acquisition and metabolism (33)
RNA Metabolism (151)

Nucleosides and Nucleotides (74)

Protein Metabolism (235)

Cell Division and Cell Cycle (29)

Metility and Chemotaxis (0)

Regulation and Cell signaling (56)
Secondary Metabolism (4)

DNA Metabolism (101)

Fatty Acids, Lipids, and Isoprenoids (141)
Nitrogen Metabalism (32)

Dormancy and Sporulation (2)
Respiration (96)

Stress Response (97)

Metabolism of Aromatic Compounds (26)
Amino Acids and Derivatives (325)

Sulfur Metabolism (22)

Phosphorus Metabolism (28)
Carbohydrates (202)

(a) Graphical distribution of genes in P11F6

Subsystem Coverage Subsystem Category Distribution Subsystem Feature Counts

Cofactors, Vitamins, Prosthetic Groups, Pigments (235)
Cell Wall and Capsule (125)

Virulence, Disease and Defense (60)
Potassium metabolism (13)
Photosynthesis (0)

Miscellaneous (31)

Phages, Prophages, Transposable elements, Plasmids (1)
Membrane Transport (84)

Iron acquisition and metabolism (7)

RNA Metabolism (141)

Nucleosides and Nucleotides (85)

Protein Metabolism (241)

Cell Division and Cell Cycle (29)

Motility and Chemotaxis (0)

Regulation and Cell signaling (45)
Secondary Metabolism (5)

DNA Metabaolism (90)

Fatty Acids, Lipids, and Isoprencids (149)
Nitrogen Metabolism (25)

Dermancy and Sporulation (2)
Respiration (92)

Stress Response (101)

Metabolism of Aromatic Compounds (44)
Amino Acids and Derivatives (337)

Sulfur Metabolism (23)

Phosphorus Metabolism (28)
Carbohydrates (231)
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(b) Graphical distribution of genes in P2G3
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3.1 RAST

Subsystem Coverage Subsystem Category Distribution Subsystem Feature Counts

Cofactors, Vitamins, Prosthetic Groups, Pigments (228)
Cell Wall and Capsule (133)

Virulence, Disease and Defense (82)
Potassium metabolism (10)
Photosynthesis (0)

Miscellaneous (22)

Phages, Prophages, Transposable elements, Plasmids (3)
Membrane Transport (99)

Iron acquisition and metabolism (5)

RNA Metabolism (150)

Nucleosides and Nucleotides (84)

Protein Metabolism (243)

Cell Division and Cell Cycle (30)

Motility and Chemotaxis (0)

Regulation and Cell signaling (55)
Secondary Metabolism (4)

DNA Metabolism (88)

Fatty Acids, Lipids, and Isoprenoids (141)
Nitrogen Metabolism (21)

Dormancy and Sporulation (2)
Respiration (101)

Stress Response (101)

Metabolism of Aromatic Compounds (9)
Amino Acids and Derivatives (306)

Sulfur Metabolism (24)

Phosphorus Metabolism (27)
Carbohydrates (210)
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(c) Graphical distribution of genes in P11G3

Subsystem Coverage Subsystem Category Distribution Subsystem Feature Counts

Cofactors, Vitamins, Prosthetic Groups, Pigments (230)
Cell Wall and Capsule (122)

Virulence, Disease and Defense (75)
Potassium metabolism (13)
Photosynthesis (0)

Miscellaneous (30)

Phages, Prophages, Transposable elements, Plasmids (1)
Membrane Transport (96)

Iron acquisition and metabalism (7)

RNA Metabolism (142)

Nucleosides and Nucleotides (85)

Protein Metabolism (238)

Cell Division and Cell Cycle (29)

Motility and Chemotaxis (0)

Regulation and Cell signaling (49)
Secondary Metabolism (5)

DNA Metabolism (75)

Fatty Acids, Lipids, and Isoprenoids (150)
Nitrogen Metabolism (25)

Dormancy and Sporulation (2)
Respiration (97)

Stress Response (99)

Metabolism of Aromatic Compounds (50)
Amino Acids and Derivatives (334)

Sulfur Metabolism (23)

Phosphorus Metabolism (28)
Carbohydrates (231)
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(d) Graphical distribution of genes in P11G5

Figure 3.1: All the graphical distributions of a) P11F6, b) P2G3, ¢) P11G3 and d) P11GS5. This
includes the subsystem coverage bar graph to the left, showing how many of the found genes could be
placed in a subsystem. In the middle, a pie chart shows the distribution of genes in each subsystem.
To the right is the same distribution of genes in subsystems as in the pie chart, only represented as the
numbers that were used to create the pie chart.
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3.1.2 Comparison of the genomes

The first comparison of the four strains of Psychrobacter spp., with comparisons of genome
size, percentage of guanine and cytosine (GC), subsystem coverage, number of coding
sequences, number of RNA’s, and number of subsystems, is shown in table 3.1. The size
of the genomes in the four strains varies from 3 258 882 to 3 469 435 base pairs, and the
content of GC varies from 41.9 to 42.9 %. The number of coding sequences varies from
2674 to 2914 and the number of RNA’s varies from 60 to 71. The number of subsystems
varies from 397 to 403. It can be seen that P11F6, which has the highest number of base
pairs (3 469 435), also has the highest number of coding sequences (2914), RNA’s (71) and
subsystems (403). This despite the fact that P11F6 has the lowest subsystem coverage of
all four strains (50%).

Table 3.1: The first comparison of the four strains of Psychrobacter spp., focusing on size, GC-
content, subsystem coverage and numbers of coding sequences, RNAs and subsystems found by
RAST.

P11F6 P2G3 P11G3 P11G5
Size (bp) 3469 435 3321898 3258 882 3423 949
GC - content (%) 42.8 41.9 42.9 41.9
Subsystem coverage (%) 50 53 53 51
# Coding sequences 2914 2743 2674 2829
# RNAs 71 60 65 60
# Subsystems 403 401 397 398

3.1.3 Comparison of the subsystems feature counts

RAST divides the found genes into 27 main subsystems, each with various numbers of
subgroups. The overview of the main subsystems and the genes found within each of them
is shown in table 3.2. Variation between number of genes is found in almost all of the
subsystems, which is as expected. Some of the numbers vary more than the others, such as
in “Phages, prophages, transposable elements and plasmids”, where no genes are found in
P11F6, while the others have at least one. In “Iron aquisition and metabolism” on the other
hand, P11F6 has a total of 33, whereas the others have five-seven. Finally, in “Metabolism
of aromatic compounds”, P11G3 has only nine genes in total, against 26 - 50 in the others.

Some of the numbers are perfectly similar throughout all the strains, such as “Photosynthe-
sis”, “Motility and chemotaxis”, and “Dormancy and sporulation”, with all strains having
zero, zero and two genes, respectfully. These variations and similarities might be due to
the system coverage being low, as seen in table 3.1, and hence be natural. This will not be
examined further in this thesis.
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Table 3.2: Comparison of the total number of genes in each of the subsystems found by RAST, in
each of the four genomes.

Cofactors, vitamins, prosthetic groups and pigments 226 235 228 230

Virulence, disease and defence 63 60 82 75

Photosynthesis 0 0 0 0

Phages, prophages, transposable elements and plasmids 0 1 3 1

Iron acquisition and metabolism 33 7 5 7

Nucleosides and nucleotides 74 85 84 85

Cell division and cell cycle 29 29 30 29

Regulation and cell signaling 56 45 55 49

DNA metabolism 101 90 88 75

Nitrogen metabolism 32 25 21 25

Respiration 96 92 101 97

Metabolism of aromatic compounds 26 44 9 50

Sulfur metabolism 22 23 24 23

Carbohydrates 202 231 210 231
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3.2 Mauve

As the four genomes originate from four different species of Psychrobacter, it was natural
to expect some genetic variations. This was already confirmed in section 3.1, where the
various annotations showed genomic differences. Using Mauve, these variations were
possible to visualize. As seen in figure 3.2, the full genomes are divided into blocks, which
are located in various positions of the different genomes. The blocks of genes can move
around within the genomes of different species. Mauve finds any similar blocks in the
compared genomes, and draws a line between them. By only looking at the figure, it seems
like P2G3 and P11GS5 are the most similar genomes.
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Figure 3.2: Graphic view of the different gene blocks in the four genomes, having different locations.
Some of the blocks, such as the three furthest to the left, seem to be conserved in all four genomes,
while others are moved around

Having certain genes in mind, it was possible to zoom in and follow the line from a block
in one genome to the equivalent block in another genome. It was also possible to see that
some of the blocks were close to conserved in all of the genomes, such as the pattern of
yellow, green, purple, yellow, light blue and so forth in the far left end of the alignment
seen in figure 3.3. It was possible to see how this region of the genomes are almost fully
conserved in the pattern of yellow, green, purple and yellow blocks in the N-terminal part
of the protein. As the figure shows, there are parts that are not fully conserved, in smaller
blocks, such as the light blue line in the left of the picture, between the first yellow and the
green block.
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Figure 3.3: Closing in on the genomes it was possible to see conserved regions such as this one. The
figure shows the N-terminal of the alignment, and how the blocks are almost identical in a pattern of
yellow, green, purple and yellow. A tiny, hidden blue box can be seen only as a blue line in the two
top genomes

By zooming in on the sequence around the blue line, it showed a tiny blue box, which can
be seen in figure 3.4. The blue box is located between the conserved parts in the N-terminal
of P11F6 and P11G3, but is in another location in P11G5 and P2G3. This shows how the
lines follow the various blocks, and how the user can track down where the blocks are
found in other genomes.
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Figure 3.4: This figure is a close up of figure 3.3, showing the tiny hidden blue box, and how big it
is once zoomed in on the region. The lines between the yellow, green and purple boxes show that
the regions are conserved, and the line from the blue box, which is conserved only in the top two
genomes, leads to another part of the remaining genomes

A particularly fun comparison of P11G5 (top line) and P2G3 (bottom line) is shown in
figure 3.5. The two genomes are quite similar, only in different positions. It seems like the
whole part of ~ 20 000 bp is the same in the two genomes, only 15 000 bp’s further down
in P11G5 genome. This means that the genomes are similar, most likely from a common
ancestor, and that they’ve evolved into something slightly different over time.
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Figure 3.5: Comparing a specific part of P11G5 and P2G3, it’s possible to see that the genomes
are very similar, although not in the same position. All the oblique lines shows how the sequence is
shifted, and that this is maintained throughout the whole region

As known from figure 3.2, the area covered in figure 3.5 was not conserved in all genomes,
although parts were similar. This shows how some parts of the genomes are similar and
different depending on which genomes are compared.

Even if the Mauve comparison showed differences, it was not possible to determine the
real relationship between the four Psychrobacter spp. based on this. In order to see how
closely related these four actually were, a phylogenetic tree was made by Christian Riickert,
placing these four (in bold) with 39 other Psychrobacter spp. and one specie of Moraxella.
This is shown in figure 3.6, where it is possible to see how P11G3 was furthest away from
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the other Psychrobacter spp. in this thesis. The tree shows how P2G3 and P11GS5 are
closest related of these four, which was predicted from figure 3.2.

Moraxella atlantae CCUG 6415"

0.01

Psychrobacter fulvigenes KC40"

~ Psychrobacter sp. P3C9

Psychrobacter sp. P11G5

Psychrobacter sp. P3G8

Psychrobacter sp. P2G1

Psychrobacter sp. P11H2

Psychrobacter sp. P2G3

Psychrobacter sp. P11G2

Psychrobacter sp. P12D11

Psychrobacter sp. P12E1

Psychrobacter cibarius JG-219"
Psychrobacter fozii NF23"
Psychrobacter sp. P11F6
Psychrobacter sp. P11F3

Psychrobacter sp. P12A8
Psychrobacter okhotskensis MD17"
Psychrobacter frigidicola DSM 124117
Psychrobacter luti NF11"
Psychrobacter urativorans DSM 14009"
Psychrobacter arcticus 273-4"
Psychrobacter cryohalolentis K5
Psychrobacter glacincola DSM 12194"

|— Psychrobacter faecalis 1s0-46"

Psychrobacter pulmonis CECT 5989"
Psychrobacter proteolyticus 116"
Psychrobacter aquimaris SW-210"
Psychrobacter sp. P11G3
Psychrobacter piscatorii T-3-2"
Psychrobacter nivimaris 88/2-7"

Psychrobacter aquaticus CMS 56"
Psychrobacter vallis CMS 39"

— LTsychrobacter namhaensis SW-242"

[— Psychrobacter alimentarius JG-100"

Psychrobacter maritimus Pi2-20"
Psychrobacter jeotgali YKJ-103"
Psychrobacter salsus DD48"
Psychrobacter marincola KMM 277"
Psychrobacter submarinus KMM 225"

Psychrobacter celer SW-238"
_|__I: Psychrobacter aestuarii SC35"
Psychrobacter pacificensis NIBH P2K6"

_|j Psychrobacter lutiphocae IMMIB L-1110"
Psychrobacter arenosus R7"

Figure 3.6: The four Psychrobacter spp. used in this studied placed in a phylogenetic tree (in bold)
along with 39 other Psychrobacter spp. and one Moraxella sp., to see the relationship between the

species. Figure by Christian Riickert.
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3.3 Laccase-like Multicopper Oxidases

Turning focus on to a specific protein, LMCO’s were found in the genomes of P2G3, P11G3
and P11GS5 and in a plasmid of P11F6. As it turned out, both P11G3 and P11GS5 had
two copies of LMCQ’s; one on the forward strand and one on the reverse strand. The
six LMCO’s sequences are listed in table 3.3, along with direction, start/stop codons and
lengths of open reading frames (ORFs) given both in bp and aa. The six LMCO sequences
are of similar size, as expected, being the same protein. The table shows which strain the
proteins come from, and which ID they will have for the remainder of this thesis. The main
part of the LMCO’s were found on the forward strand, and only the second proteins of
P11G3 and P11GS5 were found on the reverse strand. It also shows the positions and the
length of the proteins, which vary from 565 to 568 aa’s.

Table 3.3: The six LMCO sequences found within the four genomes, including start/stop, direction
and length of ORF (bp/aa). The table also shows which ID’s the proteins have for the rest of the
thesis.

Strain ID Direction/strand Start Stop ORF (bp/aa)
P11F6 LMCO1 Forward 17 811 19 517 1707/568
P2G3 LMCO2 Forward 981 591 983 294 1704/567
P11G3 -1 LMCO3 Forward 634 765 636 465 1701/566
P11G3 - 2 LMCO4 Reverse 1635112 1633412 1701/566
P11G5 -1 LMCO5 Forward 982 489 984 192 1704/567
P11G5-2 LMCO6 Reverse 2716692 2714995 1698/565

Once the LMCO’s were found, their placement was compared to the results from RAST. It
was expected to find the LMCO’s in the subsystem of “metabolism of aromatic compounds”,
with the LMCO’s oxidizing polyphenols and all. It was found, however, that RAST placed
the LMCO’s in the subsystem “virulence, disease and defence”, sub-subsystem of “resis-
tance to antibiotics and toxic compounds” and sub-sub-subsystem of “copper homeostasis”.
The nature of LMCQO’s, being multicopper oxidases, makes this as natural as placing them
in the subsystem of “metabolism of aromatic compounds”.

3.3.1 Amino acids and half-life

The LMCQO’s were further analysed with emphasis on the composition of aa, atoms and
half-life of the six proteins, using ExXPASy’s ProtParam. These analyses were made in
order to get a wider understanding of the protein’s compositions. Table 3.4 shows the
composition of amino acids, which varies slightly. The only two that are identical in all six,
are cystein and tryptophan. All six have only one cysteine, and also contains 10 residues of
tryptophan. LMCO is found to be the protein with the highest number of aa’s with 568,
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with LMCO2 and LMCOS on second with 567, LMCO3 and LMCO4 on third with 566
and finally LMCO6 with 565 on fourth.

Table 3.4: The results of using ExXPASy’s ProtParam, showing the composition of amino acids found
in all six LMCO'’s, including the number of positively and negatively charged residues.

Amino Acids LMCO1 LMCO2 LMCO3 LMCO4 LMCO5 LMCO6

Alanine 46 39 42 43 41 39
Arginine 32 31 30 30 31 32
Aspartate 30 29 29 28 29 27
Asparagine 38 41 42 41 41 41
Cysteine 1 1 1 1 1 1

Glutamine 19 16 19 18 16 17
Glutamate 26 25 24 23 25 25
Glycine 37 36 36 35 36 37
Histidine 20 21 22 21 21 20
Isoleucine 33 36 34 33 37 35
Leucine 39 43 44 44 43 43
Lysine 35 38 33 35 38 33
Methionine 30 31 29 29 31 31
Phenylalanine 23 21 23 21 21 22
Proline 24 28 24 26 28 26
Serine 34 30 30 31 29 31
Threonine 40 43 43 44 41 45
Tryptophan 10 10 10 10 10 10
Tyrosine 13 13 13 14 13 14
Valine 38 85 38 39 35 36
Total 568 567 566 566 567 565
;‘:sgpa:i‘;el :)a 64 66 66 64 66 66
fa"rziti"ls:)a 67 69 63 65 69 65

As table 3.5 shows, the variations in composition of atoms are not that great, as the numbers
are found to follow a pattern. LMCO2 and LMCOS both contain a slightly higher level of
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carbon of around 30 extra atoms, and a more significantly raised level of hydrogen, with
approximately 40 atoms more. This is, naturally, reflected in the total number of atoms,
with these two proteins having 8980 vs. the rest having 8925-8926. Having the highest
amount of atoms is reflected in the Mw, as these two proteins are the ones that are above 64
KDa. Not surprisingly, these two also have the exact same pl.

Table 3.5: The table shows the results from using ExXPASy’s ProtParam, giving the number and

composition of atoms (C, H, N, O and S), pI and Mw for all LMCO’s. Molecular weight was found
for both full and mature sequence (Da).

LMCO1 LMCO2 LMCO3 LMCO4 LMCO5 LMCO6

Carbon 2822 2839 2829 2825 2840 2826
Hydrogen 4442 4483 4443 4451 4485 4448
Nitrogen 798 795 791 789 795 788
Oxygen 833 831 833 830 828 832
Sulfur 31 32 30 30 32 32

# atoms 8926 8980 8926 8925 8980 8926
Mw 63 871.02/ 64074.57/ 63826/ 63710.01/ 64040.60/ 63801.11/
(full length/  60554.09 60381.26  60427.98 60 359 60347.29  60346.03
mature) Da Da Da Da Da Da
Tlheoretical 8.59 8.56 6.75 7.85 8.56 7.07

pl

As seen in table 3.6, the prediction of half-life in hours is given by three organisms;
mammalian, yeast and E.coli. For mammals, the prediction is “in vitro”, while it’s “in
vivo” for yeast and E.coli. As there are no predictions for Psychrobacter in specific, the
closest predictions are the ones for E.coli. As the value of half-life is not a very precise
one, here being “>10 h”, it can only be suggested that the half-life for LMCO’s found in
Psychrobacter spp. is above 10 hours. It was also predicted that all LMCQO’s would be
stable, as their values on the instability index were below 40.
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Table 3.6: Using ExPASy’s ProtParam, the predicted half-life and stability for all six LMCO’s were
found. The prediction defines half-life both in vivo and in vitro.

Predicted half-life (hours)

Species LMCO1 LMCO2 LMCO3 LMCO4 LMCO5 LMCO6
Mammalian

L 30 30 30 30 30 30
(in vitro)
Yeast >20 >20 >20 >20 >20 >20
(in vivo)
E.coli >10 >10 >10 >10 >10 >10
(in vivo)

Instability index 35.98 33.66 32.51 32.65 33.85 34.90
Stability status stable stable stable stable stable stable

3.3.2 Copper sites

Using Phyre2’s Investigator, it was possible to find the copper binding sites of the various
LMCO’s. As described in section 2.3.2, when using the Investigator, one has to choose one
of the template models to compare the uploaded sequence to. All template models chosen
here had an identity of 24-25 % and a confidence of 100.0. The T1 copper site was found
for each protein, as well as the trinuclear sites. All of the findings are compared in table
3.7, where the prediction of copper sites were found to consist of His - Cys - His - Met and
two times HXH, respectfully. The positions of the residues follow a pattern, as in the T1
site, where the Cys residue is placed 48 aa downstream of the first His, followed by another
His five residues downstream and finally the Met residue five residues further downstream.
This pattern is constant, even if the start varies between the LMCO’s. For the trinuclear site,
the prediction shows the first HXH being positioned three residues downstream of the first
His in the T1 site, and the final HXH is surrounding the Cys residue of T1.
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Table 3.7: The table shows the Cu sites found by Phyre2. This includes both T1 and trinuclear sites,
and shows how the T1 site was made out of His - Cys - His - Met, while the trinuclear site consists of
two times HXH.

ID T1 Cu binding site Trinuclear Cu binding site

H506 - L507 - H508
LMCO1 H503 - C551 - H556 - M561

H550 - C551 - H552

H505 - L506 - H507
LMCO2 H502 - C550 - H555 - M560

H549 - C550 - H551

H504 - L505 - H506
LMCO3 H501 - C549 - H554 - M559

H548 - C549 - H550

H504 - L505 - H506
LMCO4 H501 - C549 - H554 - M559

H548 - C549 - H550

H505 - L506 - H507
LMCO5 H502 - C550 - H555 - M560

H549 - C550 - H551

H503 - L504 - H505
LMCO6 H500 - C548 - H553 - M558

H547 - C548 - H549

Using LMCO4 as an example, both T1 and trinuclear sites are shown as seen when using
Phyre2 in figure 3.7. The figure shows six rows of information, and above them is a line
defining each residue’s number. The bottom three rows are interesting in this case, as
they show the query sequence, the model’s residues and the binding sites. In other words,
they show the uploaded sequence, the modelled sequence which the uploaded sequence is
compared against, and finally the found sites. The binding sites are marked as red boxes
in the bottom row. The top three rows are for prediction of secondary structure, which is
covered in section 3.3.4.

As figure 3.7 shows, the residues the binding site predictions are composed of are marked
with red boxes. These figures sum up the results from table 3.7 and, as one can see in the
figure, Phyre2 found the T1 Cu site in His501 - Cys549 - His554 - Met559, and trinuclear
sites in His504 - His506 and His548 - His550. The line of numbers at the top of the figures
indicates the positions of the residues, which can be traced back to the ones mentioned in the
table. The prediction of secondary structure in both the model and the uploaded sequence,
here LMCO4, are not taken into concern in this part, but will be further investigated in
section 3.3.4.
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(a) T1 Cu binding sites found in LMCO4, marked with red boxes in the bottom row.
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(b) Trinuclear Cu binding sites found in LMCO4, marked with red boxes in the bottom row.

Figure 3.7: Showing how Phyre2 showed its findings of T1 and trinuclear Cu sites, here marked as
red boxes. This shows how T1 was predicted as His - Met - His - Cys, while the trinuclear site was
predicted as two times HXH.

As seen in section 1.2, the trinuclear site is supposed to consist of eight His residues, and not
only four, as was found by Phyre2. A manual search for the remaining four was therefore
performed, using the alignment of the full protein sequences, which will be presented in
section 3.3.5. This lead to the findings presented in table 3.8, where the two remaining His
residues are shown, meaning that all eight His residues of the trinuclear site were identified.
Using the signature sequences for confirming the conservation of the residues, the residues
in table 3.8 were considered the ones responsible for Cu binding to the LMCOs.

Table 3.8: After a manual search, the table of Cu sites based on Phyre2 had to be revised, to include
the remaining His residues that Phyre2 could not find. This table shows how all four HXH were
possible to find, along with the T1 site.

ID T1 Cu binding site Trinuclear Cu binding site
oo et Casr so vt [0S TS ph-cony e
ooz vz -caso-viss- a0 [US-Le00-He0 ks ooty
LMCO3  Hot-Coi9-Hesa-Meso P e LR L ey s
oOs 102 Coso-vesa-sop 909750010749ty
LMCO6 H500 - C548 - H553 - M558 H503 - L504 - H505 H547 - C548 - H549

H113 - W114 - H115

H155 - S156 - H157
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3.3.3 Subcellular location

Using PSORT-B it was possible to identify the location of the protein based on the signal
sequence, which showed that all LMCO’s were destined to end up in the periplasm, as seen
in table 3.9. All of the five possible location were tested on got a score based on this, and
the highest score was found to be the destination.

Table 3.9: Using PSORT-B, all of the possible subcellular locations got their own score, deciding
which of the categories the proteins belonged to. This showed that all of the LMCO’s were destined
for the periplasm.

Localization scores LMCO1 LMCO2 LMCO3 LMCO4 LMCO5 LMCO6
Extracellular 0.00 0.00 0.11 0.11 0.00 0.00
Outer membrane 0.00 0.00 0.00 0.06 0.00 0.00
Periplasmic 10.00 10.00 9.76 9.76 10.00 10.00
Cytoplasmic membrane 0.00 0.00 0.12 0.06 0.00 0.00
Cytoplasmic 0.00 0.00 0.00 0.00 0.00 0.00

Final prediction:

. . 10.0 10.0 9.76 9.76 10.0 10.0
Periplasmic

334 PyMOL

PyMOL is an excellent tool for visualizing proteins, and was in this thesis used to visualize
the 3D structures of the LMCO’s, including superpositioning the sequences, and identifying
the substrate pockets. By using different colours for different secondary structures or
pockets, the structures became more clear.

3D models and superpositioning

When it came to showing the 3D models and superpositioning them, each of the models
were first shown by themselves and then together as superpositioned, showing how the
structures were different and similar.

As seen in figure 3.8, figure a and figure b have a few differences. In figure c, figures a and
b seem to be simply laid on top of each other, although the sequences were in fact aligned.
Following the strands, it is possible to see how these two proteins are similar and different,
such as with the « helices, marked in red (3.8a) and light blue (3.8b), which does not have
the same orientation at all. Parts of the J sheets are also in different places, showing the
proteins to be even more different.
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3.3 Laccase-like Multicopper Oxidases

(a) 3D view of LMCO3 (b) 3D view of LMCO4 (c) Superpositioning

Figure 3.8: The two LMCO’s from P11G3; LMCO3 (left) and LMCO4 (middle), in 3D view made
with PyYMOL. The picture on the right is a superpositioning of the two proteins. Even without the
superpositioning, the models shows great differences, such as with the major « helix being in a very
different place. The 3 sheets are partly similar, as seen when the 3 sheet arrows are both yellow and
red, although there are parts of 3 sheet that are only red or yellow.

Just as with the proteins in figure 3.8, LMCO1 and LMCO2 were shown both separately
and together in figure 3.9, showing similarities and differences. Seeing the « helix in
figure 3.9b, this helix seemed more similar to the one in figure 3.8a, although their sizes
seemed to be different. This lead to the comparison of LMCO1 and LMCO3, as it was
suspected that these two would be more similar than the alignments so far. Models and
superpositionings are shown in figure 3.10.

(a) 3D view of LMCO2 (b) 3D view of LMCO1 (c) Superpositioning

Figure 3.9: The two LMCO’s; LMCO?2 (left) and LMCO1 (middle), in 3D view made with PyMOL.
The picture to the right is a superpositioning of the two proteins, showing similarities and differences.
The models by themselves show more similarity than in the comparisons seen so far, having similar
structures of 3 sheet and having the major « helix in a more similar position. The minor o helices
are not in the same positions however, which can be seen in the superpositioning.

As seen in figure 3.10, the alignment of LMCO1 and LMCO3 does seem more similar than
the other alignments. This can for instance be seen in the two major « helices, seemingly
having the same length and being in the same place. The arrangement of 5 sheets and the
smaller « helices also seem to have a more similar alignment than the other alignments,
which might indicate that the sequences of LMCO1 and LMCO3 are closer related than
LMCO1 and LMCO2, or LMCO3 and LMCO4.
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(a) 3D view of LMCO1 (b) 3D view of LMCO3 (c) Superpositioning

Figure 3.10: The two LMCO’s; LMCO1 (left) and LMCO3 (middle), in 3D view made with PyMOL.
These two were chosen for comparison due to expected similarity, which is clear in both the models
by themselves and in the superpositioning. Both the 3 sheets and the « helices, both minor and major,
are found in similar positions. The one thing that is different is the turns and stretches of sequences
which are not « or 3 structures, here marked in green or pink. The superpositioning shows how these
parts are partly same and partly different, as well as showing how the « helices are in close positions
but not identical.

As all the other LMCO’s had been investigated and superpositioned, it was only fair to see
how the 3D structures of LMCO’s from P11GS5 looked, which can be seen in figure 3.11.
The 3D structure of the LMCO’s from P11GS5 look a bit different than the other LMCO’s,
especially with regards to the « helix pointing straight out from the rest of the protein.
The overall superpositioning of LMCOS5 and LMCO6 shows structures of high similarity,
perhaps indicating a close relationship. All these indications of the proteins’ relationships
between each other will be further considered in section 3.3.5.

(a) 3D view of LMCOS (b) 3D view of LMCO6 (c) Superpositioning

Figure 3.11: The two LMCQO’s from P11G5; LMCO5 (left) and LMCOG6 (middle), in 3D view made
with PyYMOL. The models show how the 3 sheets are similar, especially in the bottom part of the
models, as well as having the major « helix point straight out to the right. In the superpositioning,
these two « helices are shown to not point in the exact same direction, although both pointing out on
the right hand side. With the 3 sheets being both yellow and purple, this indicates them being in the
same place.
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3.3 Laccase-like Multicopper Oxidases

Pocket analysis

Following the structure comparisons, the pocket analysis from Phyre2 was also visualized
in PyMOL. The point here was to see how the substrate pockets were oriented in the overall
folding of the proteins, both marked as the residues involved, having the residues shown as
spheres, and extracted pocket spheres.

By putting all of the pockets next to each other, as done in figure 3.12, it’s possible to
visualize and compare the pocket structures. The pockets here are partly revised in table
3.10, and the full pocket residue list is shown in Appendix A.

Each of the LMCO’s has its own line of three figures. The first column shows the overall 3D
structures, much as seen in the superpositionings, only this time with tiny pink markings,
indicating the position for each of the residues that are part of the pockets. There are several
pink marks for each of the residues, as they resembles the residue in structure more than
just the position. In the mid column, the tiny pink marks have been transformed into pink
spheres, showing the overall pocket. In the final column, the rest of the proteins have been
removed, leaving only the pockets for comparisons.

By only looking at the pockets, there are a few things that stand out. One example of this is
the pocket of LMCO2, having a tiny part of the pocket which is not connected to the rest of
the pocket. The pockets are not made out of one continuous sequence, although all the other
pockets are connected enough to create one whole figure in sphere mode. Another example
of pockets that stands out is LMCO3, clearly being bigger than the others. LMCOG6 is
seemingly smaller than the others, although this might have something to do with the model
being smaller.
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Marked pocket of LMCO1 Pocket inside LMCO1 Pocket outside of LMCO1

Pocket outside of LMCO2

Pocket outside of LMCO3

Marked pocket of LMCO4 Pocket inside LMCO4 Pocket outside of LMCO4

Marked pocket of LMCOS Pocket inside LMCOS5 Pocket outside of LMCOS5

Marked pocket of LMCO6 Pocket inside LMCO6 Pocket outside of LMCO6

Figure 3.12: Visualization of the substrates pockets in all six LMCO’s. Each row belongs to a
specific LMCO, all lines showing three “states” of pocket: Marked in the structure with tiny pink
residues, shown with the pink markings replaced with pink spheres, and finally the pockets alone.

38



3.3 Laccase-like Multicopper Oxidases

Looking at something more solid, table 3.10 shows a shortened version of the residues that
make the pockets. As the pockets in general consist of a large amount of residues, the full
list can be seen in Appendix A. The table here on the other hand, includes the 13 parts
where the pockets are similar, including places where one would expect that the pockets
were similar. This table also includes the total number of residues in each pocket, shown in
the head line.

As the first line in table 3.10 shows, the number of residues in the pockets vary from 32
to 83, which is a fairy large variation considering these proteins have similar sequences.
Some of the green boxes show specifically interesting features regarding conserved residues,
such as number two from the top, showing that all pockets have a Glu residue at ~96.
The positions are still similar enough to be grouped as the same residue. Similar is green
box number three, where three of the pockets have similar sequences of multiple residues.
The remaining three have something similar, as in LMCO2’s case, where three of the
residues are similar, or as in the case for LMCO1 and LMCOS5, which only have a Leu
residue at ~120. This corresponds to similar Leu residues in all of the other LMCO’s. See-
ing the known HXH of the trinuclear site in three of the pockets made this an interesting part.

In green box number five, a highly conserved section of Gly, Asn/Ile and Asp are found
in almost exactly the same position in all pockets, being the only pocket residues in this
part of the sequence. Green box number eight resembles the second green box, with three
pockets having a certain sequence of multiple residues, followed by two pockets which has
almost the same sequence, and finally one pocket which has only one of them. In this case,
the last one is LMCO1, having only the Arg490 similar to the others. The ninth green box
includes another HXH site, which is conserved in three of the pockets. Once again, a Leu
is found to be partly conserved. In the eleventh field, a promising conserved start of Gly
- Met - Trp is found in all LMCO'’s, and by comparing the pocket further, this sequences
seem to be followed by Ser - Asp - Leu, although these are just partly conserved among the
different pockets.

The twelfth green field contains a fully conserved part of Val - Thr - Gly - Glu, with some
surrounding residues being partly conserved. Five out of the six pockets have Val - Val as
their two last residues, except from LMCO1, which again has no residues in this area.
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Chapter 3. Results

Table 3.10: Parts of the pockets that were particularly similar, in an attempt to find conserved parts
of the pockets. Each green field contains a number of residues that are found to be in at least three of
the pockets, and in some cases in all of them.

LMCO1(36)  LMCO2(57)  LMCO3(48)  LMCO4(83)  LMCO5(32)  LMCOG6 (72)
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3.3 Laccase-like Multicopper Oxidases

To sum up table 3.10, there are certain areas of the pockets which are highly similar in all,
or nearly all, of the pockets. Having long stretches of similar residues in the same position
for many of the pockets, this seemed to be too similar to accept as a coincidence. Seeing
that LMCOG6 had the second highest number of residues makes it a puzzle why the model of
the pocket turned out to be so much smaller than the others, and the fact that the model of
the protein itself is a bit smaller than the other ones should not be responsible for all of that.
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3.3.5 Alignments

Multiple alignments were made for both the signal sequences and the full sequences of the
LMCQO’s, in order to compare them and discover the relationship between them. ClustalW
was used for the signal sequences, and Clustal Omega for the full sequences.

Reading the alignments should be done based on the signs below each position and the
colour of the residues. There are three consensus symbols:

* indicates all residues in the position are fully conserved
: indicates partly conserved residues, having strongly similar properties

. indicates partly conserved residues, having weakly similar properties

Further, the colouring of the residues are based on their properties:
Red: Small and hydrophobic aa’s, including aromatic (not Y); AVFPMILW
Blue: Acidic aa’s; DE
Magenta: Basic aa’s (not H); RK

Green: Hydroxyl + sulhydryl + amine + G; STYHCNGQ

This means that fully conserved residue will have an * below, and all the residues above it
will be the same, and hence have the same colour. Residues that have similar properties of
varying degree will have : or . below, and may have either similar or different colour on
their residues.
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3.3 Laccase-like Multicopper Oxidases

Signal sequences

The signal sequences vary from 31 to 34 aa, and an alignment of the six sequences can be
found in figure 3.13. The signal sequences are highly conserved in most of the residues,
with the sequences of LMCO6 and LMCO2 being identical, and LMCO3, LMCO4 and
LMCOS being quite similar. LMCO1 is shown to be the most different from the other
signal sequences.

CLUSTAL 2.1 multiple sequence alignment

LMCO3 MN-KNMFNRRRFLTGSSTLLGASMLSTLPSIA-=~ 31

LMCO4 MN-KTHLNRRRFLTGSSTLLGASMLSTLPSIA-=~ 31

LMCO6 MN-KNRFNRRRFLTGSSTLLGASMLSTLPTHA=-= 31

LMCO2 MENENMLNRRRFLTGSSTLLGASMLSTLPTIANS 34

LMCOS MENENMLNRRRFLTGSSTLLGASMLSTLPTIANS 34

LMCO1 MNEXNILNRRRFLTGSSAVLGASLMPTIASS-== 31
W AR R AR AR s sk s e W

Figure 3.13: Multiple alignment by ClustalW, of the six signal sequences of the chosen LMCO’s

This is also shown in figure 3.14, which shows a phylogenetic tree based on the alignment.
The signal sequences of LMCO2 and LMCOS are found to be identical, with LMCO1 being
furthest away from the others. The numbers indicates how big the difference is between the
sequences. The fact that the sequence from LMCO1 is most different from the others can
be due to the fact that this gene is found in a plasmid.

LMCO3 0.02137
LMCO6 0.07186
LMCO2Z 0
LMCO5 0

LMCO4 0.0375
LMCO1 0.29583

Figure 3.14: When Clustal aligns sequences, it also creates a phylogenetic tree. This tree is for the
signal sequences only, showing how LMCOL1 is furthest away from the others along with LMCO4,
and LMCO2 and LMCOS are the closest related proteins, which is as expected since they were found
to be identical in the alignment
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Full alignment

A multiple alignment was also made for the full length LMCQO’s, as seen in figure 3.15.
This alignment includes the signal sequences, and as seen, the first ~ 32 aa of the align-
ment are identical to the ones in figure 3.13, although the alignment itself is done differently.

As the number of * in the alignment in figure 3.15 tells, the amount of residues that are
fully conserved in all of the LMCO’s is high. There are a few places with variations, but as
indicated by the colours, most of the variations are made by residues with similar chemical
properties. There are naturally residues with very different chemical properties, but these
seem to not affect the overall folding in tertiary structure, as was seen in section 3.3.4.

Another fascinating thing that can be observed are the areas that are marked by coloured
lines. In part one of the figure, there are two markings; one in pink and one in green. The
green has the exact same sequence as the signature sequence type 1, which also makes it
partly L2, being that these two are partly similar. When comparing to L2, the beginning is
conserved, starting with G-T-Y-W-Y-H-S-H-S-G-F-Q, with S-G-F being X3. The rest of
the sequences does not follow the pattern of L2.

The pink marking is an attempt to find L1, where the beginning is conserved, starting with
H-W-H-G, not counting Xg, as these can vary. The following sequences does touch a few
places that would fit into L1, such as -D-G-, although they’re not in the correct position.

In part two of figure 3.15, there are also two markings; one turquoise and one purple. The
turquoise is an attempt to find L3, which actually has a good match apart from the last
residue, which is an M in stead of an H. The purple is the exact sequence as the one of type
2, which also makes it a bit similar to L4. There are residues that fits into L4, although not
really enough to make it noteworthy.
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3.3 Laccase-like Multicopper Oxidases

CLUSTAL 0(1.2.1) multiple sequence alignment

ILMCO1
LMCO3
LMCO4
LMCO&
LMCO2
LMCO5

LMCO1
LMCO3
LMCO4
LMCO6
LMCO2
LMCO5

ILMCO1
LMCO3
LMCO4
LMCO&
LMCO2
LMCO5

LMCO1
LMCO3
LMCO4
LMCO6
LMCO2
LMCO5

ILMCO1
LMCO3
LMCO4
LMCO&
LMCO2
LMCO5

MNEENILNRRRFLTGSSAVLGASLMPTT-==-AS5AL.GOS5REGEQGATIHSDONVHEVEY
=MNENMFNRRRFLTGSSTLLEASMLETLPSIANSALG====HGRONIAVNSDEADHIVEI
=MNKTMLNRRRFLTGSSTLLGASMLETLPSIANSALG====KG0ONVAVHNSDESDHIVEI
=MNF¥NRFNRRRFLTGSSTLLGASMLETLPTMANSALT ——=-K5-0NVVVNEDRADHIVEI
MHNENMLNRRRFLTGSSTLLGASMLSTLPTIANSALG-——-ANQENAVINSDEPEHEVEL

MHNENMLRRERRFLTGSSTLLGASMLETLPTIANSALG-—~--ANQENAVINSDEPEHEVPI
sk, pRREEEEEEEE; cRENNz: g L L1 T LT R A T

LTGKEFDLYVSKEQEAIVNGKESMATLINDSLPAPTLEMREGDTVVIEVHNQMDESTSIHW
LTGTEFDLYVSEQEAIVNGKESMATLINDSLPAPTLEMREGDTVVIEVHNOMDESTSIHW
LTGNEFDLYVSEEPVTVNGESSMATLINDSLPAPTLEMREGDTVTIRVHNOQMNESTSTHW
LTGKEFDLYVSEEMITVNGESSMATLINDSLPAPTLEMOEGDTVTIRVHNQLNESTSTHW
LTGKEFDLYVSKKPIIVNGKSSTATLINDSLPAPTLEMREGDTVVIEVHNOMNESTSITHW
LTGKEFDLYVSKKPIIVNGESSTATLINDSLPAPTLEMREGDTVVIEVHNQMNESTSITHW

LA b b b dddkd o drakrdrar e ke s ok el e o ol

HGLLVPFEMDGVPGISFDGIPANSTEF TYEFELEQSGTYWYHSHSGFQEQTGMLGATVIER
HELLVPFEMDGVPGEISFDGIPANSTEFTYTFELVOSCTYWYHSHSGFQEQTEMLEATIVIER
HGLLVPFEMDGVPGISFDGIPANSTF TYKFELEQSGTYWYHSHSGFQEQTGMLGATIVIER
HGLLVPFEMDGVPGISFDGIPAGETFTYEFELIQSGTYWYHSHTGFQEQTGMRGAIVIEP
HGLLVPFEMDGVPGISFDGIPANSTEFTYRFTLEQSGTYWYHSHTGrQEQTGMRGAIVIEP

HGLLVPFEMDGVPGISFDGIPANSTEF TYEFTLEQSGTYWYHSHTGFQEQTGMRAGATIVIER
AAEEREEERAAAEREEETEEEE AAEAT H o ARFARRNR AN AR RRRRRE AR AR

KGRERHPIDEDHVIVLEDWISENPHNLLELLEQRADFDNYHLPDFEXLLADIAETDMETA
FGRERHPIEEDHVIVLEDWTHRDPHNLLELLEQRADFDNYHLPDFEXLLADIAATNLEAR
HGRERHPIEEDHVIVLSDWTHRDPHNLLELLEQRADFDNYHLPDFEXLLSDIAATDLEAR
HGRERYPIEEDHVILLSDWTHRDPHNLLELLEQRADFDNYHL.PDFEKLLSDIAATDLEAR
HGRERHPIEEDHVILLEDWTHRDPHNLLELLEQRADFDNYHLPDFEXLLSDIAATDLEAR
FGRERHPIEEDHVILLEDWTHRDPHNLLELLEQRADFDNYHLPDFEXLLSDIAATDLERR

Wk Ek s g R EE gk dE gk kR kR s W e s e sl

FDEREMWNOMRMMPTDFTDLSGENTF TYLINGE TTAANWAQTIVE AGDRVELAFINASAQT
HDHREMWNOMRMMPTDFTDLSGEETF TYLMNGE TTAANWTQLVE AGOPFVELEFINGEAQT
Y DR KMWNOMRMMPTDFTDLSGEETF TYLMNG X TTALNWTQLVE AGOPVELEFINASAQT
FDERKTWNQMRMMPTDFTDLSGETTF TYLMNGETTAANWTQLVEAGOPVELRFINGEAQT
FDERRMWNQMBEMMPTDFTDLSGERETE TYLMNGETTAANWTOLVEAGOPVELRFINGSAQT

FDEREMWNOQMRMMPTDFTDLSGEETEF TYLMNGE TTAANWTOLVE AGOPVELAFINGSAQT
JEEEE REEARAA R A EAARAAR AR AR A ANRRANERANN N RN RRE R R R AR AR

57
55
55
54
56
56

117

115
115

114
116
116

177

175
175

174
176
176

237

235
235

234
236
236

297

295
295

294
296
296
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LMCO1 IFDVRIPGLEMTVVSTDGRDVAPVAIDDFRIGVAETYDVIVIPTEDAHTIFAQNIDRSGY 357
LMCO3 IFDVRIPGLEMTVVSTDGRDVAPVDIDDFRIGVAETYDVIVTPTQDAHTIFAQNIDRSGY 355
IMCO4 IFDVRIPGLEMTVVATDGIDVARPVAIDDFRIGVAETYDVIVTPTQDAHTIFAQNIDRSGY 355
LMCO& IFDVRIPGLEMEVVATDGIDVSEVDIDDFRIGVAETYDVIVTPTEDAHTIFAQNIDRSGY 354
LHMCO2 IFDVRIPGLEMEVVATDGIDVSPVDIDDERIGVAETYDVIVTIFPTEDAHTIFAQNIDRSGY 356
LMCOS IFDVRIPGLEMEVVATDGIDVSPVDIDDFRIGVAETYDVIVIPIKDAHTIFAQNIDRSGY 356

HEAEAEEENTE AHsdwd wdzwdr AAAAATAATEATAFATENTT WA ANEAENTNTETD

LMCOl VAATLATKEGARAATPAMDKIEWLTMADMMGAMGANGY XAKHAX TEYDFESDMRVDSERM 417
LMCO3 VATTLATKEGARAAIPAMDEIEWLTMADMMGAMGDKGYXAKHAX TEYDFESDMRVDSFRM 415
LMCO4 VATTLATKEGARAAIPAMDEIEWLTMADMMGAMGDKGYXAKHAX TEYDFESDMRVDSFRM 415
LHMCO6 VATTLATKEGARPAIPAMDKIEWLTMADMMGAMGSNGYNAKHAX TEYDFESDMRVDSFRM 414
1MCO2 VATTLSTHKEGARPTIPAMDEIEWLTMADMMGAMGADGYXAKHAX TEYDFESDMRVDSFRM 416
1IMCO5 VATTLATEEGARFAIFAMDEIEWLTMADMMGAMGADGYKAKHAKTEYDFESDMAVDSFRM 416
R aRR s RE A RAEEEEARRAAERANRENE AW RRENAN AR AR AR R R AR A
LMCOl WLDDPGINLENINREVLRYSQLRSVDEAIFAEQRKPTREIELHLTGHMERYIWAFDGVEF 477
LMCO3 WLDDPGINLENINREVLNYSQLRSVDEAIFAEQRKPTREIELHLTGHMERYIWALDGVMHEF 475
LMCO4 WLDDPGINLENINRDVLRYSQLRSVDEAIFAEQRKPTREIELHLTGHMERY IWALDGVMHEF 475
LHMCO& WLDDPGINLRNIDREVLNYSQLREVGDEIMAEQRXPTREIEIHLTGNMERY IWALDGVME 474
LMCOZ NWLDDPGINLRNIDREVLNYSQLREVGDEIMAEQRXPTREIEIHLTGNMERY IWALDGVME 476
LMCO5 NWLDDPGINLRNIDREVLNYSQLREVGDEIMAEQRXPTREIEIHLTGNMERY IWALDGVME 476
EEAREEEERAEE b REEEAEARRE 2 A AARAEARNERNR NN ARA AR R R AR A W
IMCO1 SEATFVHIKPGERVRITLVHNDTMMNHFMHLHGMWSDLEMPNGEFQVREHTMMVQPAQEIS 537
IMCO3 KDATPVHIXPNERVRITLVNDTMMNHPMHLHGMWSDLRTLSGDFQVREHTIVVQPAQEIS 535
IMCO4 KAATPVHIXPNERVRITLVNDTMMNHPMHLHGMWSDLRTPSGDFQVREHTIVVQPAQEIS 535
LMCO6 KDAAPVNIRPGERVRITLVNDTMMNHPMHLHGMWSDLEMPSGEFQVREKHTIMVOPAQELS 534
LMCO2 KDAAPVNIKPNERVRITLVNDTMMNHPMELHGMWSDLEMPSGEFQVRKHTIMVOPAQELS 536
LMCOS KDAAPVNIKPNERVRITLVNDTMMNHPMELHGMWSDLEMPSGEFQVRKHTIMVOPAQELS 536

ool kol ol oo ol ol ok ol o o e e Wk e W W

LMCO1 FDVTGEAGRWAWHCHLLYHMEAGMEREVAVV 568
LMCO3 FDVTGEFGRWAWHCHLLYHMEAGMEREVAVV 5686
LHMCO4 FDVTGEVGRWAWHCHLLYHMEAGMEREVAVV 5686
1IMCO6 FDVTGEAGREWAWHCHLLYHMEAGMFREVAVV 565
1MCO2 FDVTGEAGEWAWHCHLLYHMEAGMEFREVAVV 567
LMCO5 FDVTGEAGEWAWHCHLLYHMEAGMEFREVAVV 567

L L T

Figure 3.15: The full alignment of all six LMCO?’s, including the marked sequences, which refers to
signature sequences or attempts to find signature sequences. The pink line is an attempt of L1, while
the turquoise is an attempt of finding L3. The green one is the sequence of signature sequence type 1,
while the purple is type 2.
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3.3 Laccase-like Multicopper Oxidases

Just like ClustalW, Clustal Omega creates a phylogenetic tree when it creates the alignment,
as shown in figure 3.16. The indications made in section 3.3.4 on relationships were then
put on a test. As the phylogenetic tree shows, LMCOI1 is furthest apart from the others,
and has LMCO3 as its closest neighbour, although it’s far away. LMCO3 and LMCO4 are
closely related, as are LMCO2 and LMCOS.

LMCO1 0.07702

— LMCO3 0.02252
e LMCO4 0.02165

LMCO6 0.03377
LMCOS5 0.00176

Figure 3.16: A phylogenetic tree based on the alignment of the full sequences of the six LMCO’s

Looking at the phylogenetic tree in figure 3.16, the predictions from comparing the 3D
models were both right and wrong. LMCO3 and LMCO4 are more closely related than
expected, especially when LMCO3 seemed more similar to LMCO1 than LMCO4, when
they are actually further apart according to the phylogenetic tree. LMCO1 were predicted to
be closer to LMCO3 than LMCO2, which works well with the findings in the phylogenetic
tree, and LMCOS5 and LMCOG6 were further apart than predicted.
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3.4 Transcriptome, proteome and promoters

In this part of the thesis, the focus of the study was narrowed down to only using P11F6
for transcriptomics and proteomics. As both transcriptomics and proteomics were done by
others, these results were just delivered, analysed, and compared. Further work was based
on these results, such as the promoters chosen were based on the top ten list of up-regulated
genes.

3.4.1 Transcriptomics and proteomics

The top ten upregulated genes were chosen from the transcriptomics results list. These
all had M-values above 4, which was chosen as the limit in the first place. These ten can
be found in table 3.11. None of the top ten upregulated genes turned out to be a LMCO,
which came as a surprise, as 2-methoxy-phenols are a substrate of LMCO’s. It did however
show several phenol hydroxylases, which could be capable of doing the same oxidation as
the LMCO’s. When looking at the start/stop positions for the phenol hydroxylases, these
are found in the same area of the genome.

Table 3.11: When adding 2-methoxy-phenol, the gene expression changed. The table shows the top
ten upregulated genes, where to find them, their length (bp), which strand they were found on and
their m-value. Data provided by Christian Riickert

Protein Start Stop Length (bp) Strand M-value
TonB-dependent receptor 2042 339 2 044 519 2181 Fwd 9.28
Phenol hydroxylase, assembly 2022 932 2022618 315 Rev 8.08
protein DmpK

Phenol hydroxylase P1 protein 2 022 536 2021526 1011 Rev 7.83
Hemin-degrading family protein 2041858 2040725 1134 Rev 7.55
DoxX protein 2520 602 2520 261 342 Rev 7.43
Phenol hydroxylase, P2 protein 2021472 2021206 267 Rev 7.36
Phenol hydroxylase P3 protein 2021133 2019616 1518 Rev 7.26
Hypothetical membrane protein 974 142 973 846 297 Rev 718
Conserved hypothetical secreted 2 044 622 2 045 887 1266 Fwd 6.96
protein

Phenol hydroxylase P4 protein 2019 469 2019107 363 Rev 6.84

To see if the top ten upregulated genes were translated, the proteomics data for these ten
genes were searched for. This lead to the results shown in table 3.12. One of the most
surprising findings here are that there are only eight proteins here. This is because the
phenol hydroxylase assembly protein and the hypothetical membrane protein in table 3.11
were not found in the proteomics study. Table 3.12 shows, in a 2-log manner, how much
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these proteins were up-regulated compared to growing without substrate. Measurements
were made for both pellet and supernatant, and the table also include RPKM values, which
is a measure on “reads per kilobase per million”. This shows that, apart from the two
which could not be found, the transcripts found in table 3.11 were actually transcribed into
proteins.

Table 3.12: The top ten list of genes were searched for in the proteome, findings these eight proteins.
The proteome here was from P11F6 growing on media containing 2-methoxy-phenol, shown in a
2-log manner compared to P11F6 growing without substrate. Measures were made for both pellet
and supernatant, as well as calculating the RPKM value. Data provided by Animesh Sharma

Protein Pellet Supernatant RPKM
TonB-dependent receptor 22.64 0 9.92
Phenol hydroxylase P1 protein 7.56 4.92 7.89
Hemin-degrading family protein 6.15 0.81 7.67
DoxX protein 0 0 7.67
Phenol hydroxylase, P2 protein 4.44 2.95 7.43
Phenol hydroxylase P3 protein 8.87 6.48 7.32
Conserved hypothetical secreted 3.86 1.38 7.08
protein

Phenol hydroxylase P4 protein 6.71 31.37 6.91

3.4.2 Promoters

Using Softberry’s BPROM and manual searching, the top 10 upregulated genes’ promoters
were identified. Figure 1.2 shows an approximate view of a promoter, including the regions
that were searched for. These regions included -10 and -35 sequences, as well as first bases
in start/stop codons and RBS’s. Table 3.13 shows where the -10 and -35 regions were
found for each of the genes. The table also includes m-values (a value on upregulation),
transcription starting site, LDF value and ORF start. This table is divided into two parts,
each with five promoters. All the promoters are sorted on m-value, which indicates how
much the gene has been upregulated when compared to growing the P11F6 strain on media
not containing 2-methoxy-phenol. The proteins are sorted by m-values from highest at
the top left to lowest at the bottom right. All the m-values came from the transcriptome
analysis, which also included the start/stop codon. Transcription start site was found by
BPROM, along with LDF values, -10 region and -35 region. The LDF values give a value
of how good the prediction is, as seen in section 2.4.2. As there are no upper or lower limit
to these, they are hard to interpret. Having positive values are still considered as a sign of
actual promoters though. As the genomes were also viewed in SnapGene viewer, this row
tells if the genes in question were found by SnapGene Viewer, and if they were, if they had
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the same OREF start.

Table 3.13: The promoter regions for the top ten upregulated genes when growing the P11F6 strain
on media containing 2-methoxy-phenols. The promoter sequences are defined on forward strand, and
the table includes start/stop, transcription start site, LDF values, -10 sequence and -35 sequence. The
row of “ORF” start indicates if SnapGene Viewer gave a different transcription start side than the one
BPROM found

TonB- Phenol Phenol Hemin-degrading DoxX protein
dependent hydroxylase Hydroxylase P1 family protein
receptor assembly protein protein
M-value 9.28 8.08 7.83 7.55 7.43
Start codon 2042334 2022932 2022 536 2041858 2520 602
Stop codon 2044 159 2022618 2021526 2040725 2520 261
Transcription start site 2042 147 2022983 2022 595 2042 156 2520278
LDF 7.64 5.11 3.29 5.99 5.41
ORF start 2042318 not recognized same 2041930 same
(SnapGene Viewer)
-10 region 2042132 - 2022990 - 2033602 - 2042 163 - 2520285 -
2042 140 2022998 2022610 2042171 2520293
-35 region 2042112 - 2023013 - 2022626 - 2042185 - 2520312 -
2042117 2023018 2022631 2042190 2520 317
Phenol Phenol Hypothetical Conserved Phenol
Hydroxylase P2 Hydroxylase P3 membrane hypothetical Hydroxylase P4
protein protein protein secreted protein protein
M-value 7.36 7.26 7.18 6.96 6.84
Start codon 2021472 2021133 974 142 2 044 622 2019 469
Stop codon 2021206 2019616 973 846 2045 887 2019 107
Transcription start site 2021684 2021151 974 277 2044 598 2019481
LDF 3.41 4.55 5.89 4.66 5.27
ORF start same same same not recognized 2019499
(SnapGene Viewer)
-10 region 2021691 - 2021158 - 974 283 - 2044 581 - 2014 488 -
2021699 2021166 974 292 2044 591 2019 496
-35 region 2021716 - 2021179 - 974 305 - 2 044 565 - 2019511 -
2021721 2021184 974 310 2044 570 2019517

The RBS’s were found manually, searching the entire isolated sequence for AGGAGG,
AGGAGN and AGCA. No cases of AGGAGG were found, but the cases of AGGAGN and
AGCA that seemed plausible are listed in table 3.14. Some of the promoters were found to
have more than one possible RBS, and all of these are included in the table. Four of the
promoters were found to have only one possible RBS. Even though all of these sites were
found, and in some cases the only ones found, they are not all likely to be actual RBS’s.
The ones found for DoxX, hypothetical membrane protein and the conserved hypothetical
secreted protein are probably not real, even if they were the only possibilities found for
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these sequences. As these were the only ones that were found, they were still included.

Table 3.14: The found RBS’s for the top ten upregulated genes when growing the P11F6 strain on
media containing 2-methoxy-phenols. Two types of RBS were found; AGCA and AGGAGN. Some
of the promoters contained only one RBS, while others contained two or three.

AGGAN AGCA
TonB- 2042 269 - 2042 285 -
dependent receptor 2042272 2 042 288
Phenol hydroxylase 2023 240 -
assembly protein 2023 245
Phenol Hydroxylase 2 022 546 - 2022 538 -
P1 protein 2 022 550 2 022 541
Hemin-degrading 2041988 -
family protein 2041991
. 2520322 -
DoxX protein 2 520 325
Phenol Hydroxylase 2021511 - 2021586 - 2021644 -
P2 protein 2021514 2021598 2021647
Phenol Hydroxylase 2021142 - 2021154 -
P3 protein 2021147 2021157
Hypothetical 974 548 - 974 483 -
membrane protein 974 552 974 486
Conserved hypothetical 2 044 554 -
secreted protein 2 044 557
Phenol Hydroxylase 2019 507 - 2019493 -
P4 protein 2019510 2019 496
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Discussion

In this chapter, all of the results from chapter 3 will be discussed, along with some of the
decisions made in chapter 2 when doing the research. Following the order created in the
other sections, we’ll start with RAST and Mauve, then the LMCO’s and end up with the
transcriptomics/proteomics and the promoters.

4.1 RAST

RAST was chosen for automatic annotation based on two reasons: its user friendly interface
and the high quality of the results. When doing the automatic annotation, RAST is a very
intuitive program. It does not require a lot of settings, and running it in default mode will
usually give a good result. Some choices were made though, such as the settings in figure
2.1 and figure 2.2. There were not any real choices to make in figure 2.1, as these do not
really have any influence on the annotation. Using another genetic code might be possible,
although using anything but 11, which represents bacteria, makes no sense.

Choosing the settings in figure 2.2 were based on the explanations of each setting given in
the figure, as they made the most sense for the annotation at the moment. This included
wanting the current version of RAST instead of the one in testing, using RAST over
GLIMMER-3 to avoid disabling of many settings, and using the latest version of FIGfam.
Automatically fixing errors were left “off” to avoid deleted gene candidates, while fixing
frameshifts, building a metabolic model, BLASTing large gaps, printing debug statements
and running each job from scratch were all wanted features. Leaving the verbose level to
default 0 was made to get any error message that might come.

As seen in figure 3.1 and table 3.1, the subsystem coverage was around 50 % for all four
genomes. This should ideally have been closer to at least 90 %, to ensure that all genes
were found and put in a subsystem group. However, these values do not mean that the
annotation only found half of the genes, but simply that only about half of the found ones
were possible to put in a subsystem group. These numbers were considered good enough
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for further use, and all the LMCO in the next section were found by both RAST and other
annotation programs used.

In addition to the figure, table 3.1 shows more information given by RAST. The GC-content
is similar in all four genomes, and the variations in both number of coding sequences, num-
ber of RNA’s and number of subsystems are similar, as expected from four closely related
genomes of similar size. The genome sizes of 3.2 - 3.4 million bp shows that these strains
are more similar to P. aquaticus than to P. arcticus when it comes to size (Reddy et al.,
2013; Ayala-del Rio et al., 2010). GC content being 41.9 - 42.9 % fits with the results found
by Bozal et al. (2003)

As shown in table 3.2, the total number of genes here does not match the number of
coding sequences found in table 3.1, but is actually a lot smaller. This is most likely due
to the fact that not all coding sequences/proteins could be placed in a subsystem. From
the table, it’s possible to see that even though most of the columns have similar values,
within a reasonable range, some of the values differ a lot, such as in “Phages, prophages,
transposable elements and plasmids” or “iron aquisition and metabolism”. The reasons for
these variations are not known, but these differences are possible to study further, as will be
discussed further in chapter S.

4.2 Mauve

Mauve gave a nice view of the evolutionary changes in figure 3.2, and showed how some
blocks of genes had changed places, while others were conserved. Mauve is clearly a
program that makes more sense when used directly rather than showing pictures of it, and
showing pictures does not serve the program the respect it deserves. The close up examples
in figure 3.3 and figure 3.4 show only parts of the possibilities of tracking changes in
Mauve, even though the real tracking options with zooming and following lines does not
show very clearly in still pictures. The point of these figures were to show how using the
features in the program could reveal parts that were not visible in the first place. The best
example of this was “the hidden, blue box”, which was not visible in figure 3.3, apart from
a line, seemingly appearing from nowhere. When closing in on the sequence in figure 3.4,
the tiny blue line turned out to belong to a blue box, which appeared in the two top genomes
but not in the two lower ones, at least not in that particular position. As the blue line headed
towards the right end of the picture and disappeared, it seemed plausible to believe that there
were other blue boxes in the two bottom genomes, although this was not investigated further.

What still pictures of Mauve did show was that the relationship between the four genomes
of Psychrobacter was as clear as one would expect. The beginning and the end of the
genomes contained the same coloured boxes in mostly the same pattern, as well as in the
middle section, even if the boxes were a bit rearranged, they could be found in the other
genomes by following the lines. As seen in the annotation, these genomes were expected to
be quite similar, and this was confirmed by Mauve.

The findings in figure 3.5 also proved that the genomes were similar, although somewhat
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different. Seeing how two sequences of ~ 20 000 bp were so similar, but in different
positions, was quite interesting. The sequences were perfectly slided about 15 000 bp
downstream in P2G3 when compared to P11G5, showing that the sequences were in fact
very similar, even if they were not identical.

When comparing the Mauve results to the phylogenetic tree in figure 3.6, P2G3 and P11G5
were found to be the closest related, which might explain why these two showed the features
in figure 3.5, while the remaining genomes did not.

4.3 Laccase-like Multicopper Oxidases

The first interesting thing about the LMCO’s, was the fact that the number and position of
them varied between the four Psychrobacter genomes. P2G3 had only one, P11G3 and
P11GS5 had two copies, and P11F6 was the real outsider, having only one copy, and having
itin a plasmid! P11G3 and P11GS5 both had one copy on each strand; one on the forward
and one on the reverse. All of these sequence details were summed up in table 3.3, along
with the start/stop positions. This table also showed that the length of the proteins varied
from 565 to 568 aa, which showed both high similarity between the LMCO’s from the
Psychrobacter spp. and also fits with the findings by (Sharma et al., 2007).

4.3.1 Amino acids and half-life

In these first analyses, ExXPASy’s ProtParam and pI/Mw computing tool were chosen for
the task. ExPASy is a known resource portal for bioinformatical tools, both external ones
and their own, such as ProtParam. ProtParam calculates a various number of physical and
chemical properties, and their pI/Mw computing tool is capable of calculating these values.

Starting with the basic compositions of the proteins, table 3.4 showed that the composition
of amino acids was quite similar in all of the LMCO’s. The two that stands out were trypto-
phan and cytosine, for being the only two that were exactly the same in all six LMCO’s.
The cytosine residue was also the same one that was found in the T1 copper site. The
number of Cys residues seem to vary, and having only one Cys residue means no formation
of disulfide bridges. Studies on CotA from Bacillus subtilis, B. pumilus and B. licheniformis
showed two additional Cys residues creating a disulfide bridge. Studies on B. clausii had
only one additional Cys residue, while B. coagulans contained only the one Cys residue
from the Cu binding site, and neither of these would create any disulfide bridges (Enguita
et al., 2003; Ihssen et al., 2015).

A part from the Trp and Cys content, all the other aa residues were different in all the
LMCO’s. Alanine was the one with the most different contents, varying from 39 to 46.
Apart from this specific aa, the variation was generally lower between the genomes.
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Further investigations on the basic compositions lead to the results shown in table 3.5,
which showed that LMCO2 and LMCOS5 had the highest number of atoms with 8980,
while the remaining had 8925 - 8926. Naturally, this was reflected on these two having
the highest molecular weight, and also the exact same pl. Even if the amount of each
and every aa was not the same in these two, the total number of positively and negatively
charged residues was exactly the same in both proteins, which naturally effected the pl.
Regarding pl and positive/negative aa’s, it seemed that the LMCQO’s with a higher level of
negatively charged residues against positively charged residues had a lower pl. LMCO3
had 66 negative residues, against 63 positive. This LMCO had the lowest pl, with 6.75.
LMCOI1 had an almost identical pI as LMCO2 and LMCOS; 8.59 vs. 8.56. When looking
at their composition of aa’s, LMCO1 had 64 negative and 67 positive, while LMCO2 and
LMCOS5 both have 66 negative and 69 positive. Even if the numbers were different, the
ratio between negative and positive was still the same. LMCO4 and LMCO6 both had
65 positive residues, but where LMCO4 had 64 negative residues, and hence was more
positively charged, LMCO6 had 66 negatively charged residues, and hence was a bit more
negative. This was reflected in their pI; LMCO4’s of 7.85 vs. LMCO6’s of 7.07. Comparing
to the pI’s found by (Morozova et al., 2007), which ranged from 2.6 - 9.5, the estimated
pI’s found for the LMCO’s seems to fit nicely, even if the comparing pI’s were found for
laccases in plant and fungi, and not bacterial.

The results found in table 3.5 also showed the calculated Mw for all of the LMCQO’s, which
varied from 63.7 to 64.1 KDa. These findings fits the Mw found by (Morozova et al.,
2007; Thssen et al., 2015), which showed how laccases from various organisms had a Mw
of 32-130 KDa. The various bacterial laccases studied by (Ihssen et al., 2015) showed a
smaller range of 32.6-59.7 KDa, which shows that the LMCO’s from these four strains of
Psychrobacter were slightly bigger.

Regarding half-life and instability, the values on half-life in hours were computed for
mammalian, E.coli and yeast. The E.coli might be the best to compare with, being that
they’re both bacteria, at least. The half-life calculation is based on “N-terminal rule”,
meaning that the first residue at the N-terminal determines the half-life. As known from
the multiple alignment of the signal sequences, which consists of roughly the first 30-ish
residues of the N-terminal, the sequences were quite similar and all started with a Met
residue. This indicated that the expected half-life, as long as it was based on the N-terminal,
was expected to be equally similar for all sequences. As “>10", which was the expected
half-life in E.coli, was not a very easy number to compare to, it had to be assumed that
the value was quite similar to all of the LMCO’s, having similar sequences and all start-
ing on the same residue. The half-life being measured based on sequences did not take
different temperatures or other conditions into account, only making a prediction based
on the N-terminal sequences. Reiss et al. did a study on half-life in B. pumilus, showing
half-life above 10 hours being possible in conditions below 45 °C in deionized water. At
other conditions, such as proteins being kept in Mclllvain buffer or potassium phosphate
buffer both at pH 7 at a range of temperatures (4-65 °C), the half-life was one hour or
lower (Reiss et al., 2011). This indicates that the half-life estimation based on N-terminal
rule alone might not be the most reliable, although can work as a starting point. Another
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point in this case is the fact that all proteins have an initiator Met residue in the mRNA,
which is removed after translation (Xiao et al., 2010). If the Met residue is removed straight
after translation, the new N-terminal residue would be Asn, as known from figure 3.13. If
E.coli is the organism used for comparison, the estimated half-life would still be “>10 h”,
although for mammalian it’s down to 1.4 h, and 3 min for yeast. As it still makes most
sense to use E.coli’s value, this does probably not change anything.

The instability index is based on dipeptides of known stability, and a value below 40 means
the protein is considered stable. As table 3.6 shows, all six LMCO’s had instability values
below 40, and were therefore considered stable. As this was also a prediction based on the
sequence, it did not consider temperature or any other conditions. Naturally, this would
most likely vary a lot if these tests were performed in a test tube or in vivo. Thssen et.al
tested stability of LMCQO’s from a number of Bacillus sp. under several conditions, showing
an overall stability. Even if the stability in this thesis is estimated based on dipeptides, this
still might be comparable, as both studies concluded with an overall stability (Ihssen et al.,
2015).

4.3.2 Copper sites

Phyre2 had two functions in this thesis; predicting pockets and Cu binding sites, and
creating output files for PYMOL. Having a program who did both of these tasks was a
lucky coincidence, Phyre2 would have been used for prediction of pockets/Cu binding
sites anyway. Being able to use the output files in PyMOL just made it possible to skip a step.

The LMCQO’s should contain a T1 copper site and a trinuclear copper site, as known form
section 1.2. These were possible to detect with Phyre2, which showed that these T1 sites
were made out of a repeating pattern of His - Cys - His - Met and two HXH, as shown
in table 3.7 and figure 3.7. The problem with the predictions made by Phyre2, was that
there was only two HXH’s, when it was supposed to be four, according to literature. As
seen in figure 1.1, the HXH’s were involved in different Cu binding sites, such as His493
belonging to Cu2, while His491 belonged to Cu3. The numbers on the residues were not
directly applicable to the Cu sites in the LMCO’s here, as they would vary at least slightly
between different LMCQO’s, but the positions of HXH in regards to histidines were still the
same. This meant that the two HXH Phyre2 could find were just parts of the trinuclear site,
technically half of it.

According to (Reiss et al., 2013), the four pairs of his residues should be found in four
specific patterns, and the ones that were found by Phyre2 corresponded to HXXHXH
and HCHXXXHXXXXM/L/F. As shown in section 1.2, there were certain conserved
sequences, which could be found in members of the multicopper oxidase family and in the
laccases in specific. The Cu binding sites were supposed to be found within these sequences,
which the patterns were part of, and while doing manual searches in figure 3.15, these were
used as a confirmation that the found alternatives for HXH were actual candidates. Only
finding two candidates made the decision far more easy than expected, although being able
to confirm that the found candidates actually did exist within the signature sequences did
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strengthen the theory on these being the missing two HXH’s. The candidates, here found
for LMCOI, were positioned at His116 (HWH) and His157 (HSH), which were parts of L1
and L2, respectfully. The numbers on the His residues must be adjusted naturally, but since
it was found inside a conserved sequence, they could all be found in figure 3.15.

With the new found HXH'’s, this made the whole trinuclear site visible, as seen in the revised
table 3.8. It is still not known why Phyre2 only found two of the four HXH'’s, although
it seems reasonable to believe that the two that where found manually actually were the
remaining two. This lead to having the complete T1 site, and a full trinuclear site of four
HXH’s, just as expected. The signature sequences will be further discussed in section 4.3.5.
All in all, this means that the predictions based on reading (Reiss et al., 2013) turned out to
be real. The findings here also fits findings by (Colman et al., 1978; Solomon et al., 1996;
Enguita et al., 2003; Claus, 2004), among others.

4.3.3 Subcellular location

As known from (Diamantidis et al., 2000), laccases are mostly found to be intracellular in
bacteria and extracellular in fungi and plants. According to table 3.9, all of the LMCQO’s
were found to be intracellular and destined for the periplasm. LMCO3 and LMCO4 had
minor scores on extracellular, which might be due to relationships to fungal or plant lac-
cases. LMCO3 had a minor score on cytoplasmic membrane, while LMCO4 had an even
smaller score for both outer membrane and cytoplasmic membrane. It was interesting to
see how only LMCO3 and LMCO4 had scores on anything except periplasmic, while the
four others had so clear results.

The findings might conclude with LMCO3 and LMCO4 being a bit different from the others,
and it also might suggest that the LMCO’s from P11G3 were closer related to fungi or
plants than the other strains investigated here. It was however clear that all of the LMCO’s
from all species were destined for the periplasm, regardless of any other minor scores.

434 PyMOL

When time came for visualization, PyMOL was an easy choice, as it makes nice 3D models
which can be turned and twisted for viewing from all angles, colours can be added to
separate secondary structures or domains, and various types of models can be created. The
only downside to using it in a thesis is the fact that this program works best live, not as still
pictures. When making the models, “cartoon” mode was used on the proteins, in order to
get the best views of the details in the secondary structures. Other modes were possible,
such as “lines”, which showed a stick model with all atoms, “sticks”, which showed the
same as “lines” only with thicker lines, or “ribbon”, which showed the sequences as a
ribbon without secondary structures. The two first were found to be useless for this use,
while the third one was ok, but not detailed enough. Using the “cartoon” mode along with
colouring based on secondary structures gave a detailed model which clearly showed the

58



4.3 Laccase-like Multicopper Oxidases

predicted structure of the proteins, and also made it possible to compare them in a sensible
matter.

3D models and superpositioning

When choosing LMCO3 and LMCO#4 to make the first models and comparisons, this was
a rather arbitrary choice, only slightly based on the results from earlier analyses of the
LMCO'’s. All research done up to that point showed that these two LMCO’s had quite simi-
lar properties. Coming from the same strain, P11G3, and having shown similar properties,
it was expected that these two would have similar structures. Finding that they in fact did
not, was therefore quite surprising. They had similarities, of course, as seen with the 3
sheets and following the loops of the structure, although the largest « helices were not in
the same place at all.

When it came to picking the two next LMCO’s to model and compare, LMCO1 and LMCO2
were chosen based on being more different. As LMCO3 and LMCO4 did not have identical
structures despite being so similar up till that point, the next two were chosen for being
different, hoping this would make some interesting results. Combining the models showed
that they did in fact seem a lot more similar than the first comparison, which was found
interesting, as they were chosen based on the idea that they were more different. As with
the first comparison, the 3 sheet area seemed to be similar, as well as parts of looping
structure. Both LMCO1 and LMCO2 had the large « helix in (almost) the same position,
although their length seemed to be different. In fact, the model of LMCOI1 resembled the
model of LMCO3, and like that, the third pair of models to compare was found.

Comparing LMCO1 and LMCO3 showed that they had their similarities and differences,
just as expected. The large « helix, that so far had been the easiest difference to spot, were
more similar here compared to the other cases. Their position and length were both close in
resemblance, and the (3 sheets in the middle were also similar.

As there were only two LMCO’s left, these were compared to each other. LMCOS5 and
LMCOG6 both came from P11GS5, and had so far not shown any specific resemblance. It
was therefore another surprise when the models turned out to be quite similar, both having
the large « helix pointing straight out to the side. The bottom part of the /3 sheet showed
some interesting and very similar features, which had not been visible to that extent in the
other models, despite rotating them. As these models were so similar to each other, and at
the same time so different from the others, no further comparisons were done.

All in all, comparing the models and superpositioning the sequences showed that all ideas
on which structures would be similar were wrong. LMCO3 and LMCO4, which had shown
very similar properties in all analyses done so far, were not as similar as expected. LMCO1
and LMCO2, and LMCOS5 and LMCO6, showing different properties, were much more
similar than expected. In general, the /3 sheets showed the most resemblance, while the
major « helix gave the best view of difference.
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Pockets

In comparing the pockets in PyMOL, the ability to add different colours to different parts
really came in handy. PyMOL has a whole bunch of settings regarding colouring the various
selections. By colouring the pockets purple, they could really stand out from the secondary
structure colouring of red, green and yellow. One of the challenges here was to get the
models as similar as possible, which as can be seen for LMCQOG, is not always possible.
Finding the exact same size/zoom for this protein turned out to be really hard, and ended up
being impossible. This meant that the pocket looked a lot smaller than the others, when it
in fact was not. One of the things that the pocket analysis showed, was that the pockets had
different orientations, giving some of them a more compact finish than the others. When
looking at the pockets, the angle of the model and the zoom were all involved in how the
pocket looked. The proteins were twisted around to find the individual view that showed the
most of the pocket. It would have been possible to arrange all the proteins in the same view,
although this would lead to a lot of the pockets not being visible, and this was considered a
bad way of showing off the pockets.

LMCOI1 had one of the “loosest” pockets, meaning the residues were distributed in an order
that created more air between the spheres. The size seemed to be fairly average, and all the
spheres seemed connected.

LMCO2 was the only pocket with part of the pocket being separate from the rest of the
spheres. When using sphere mode, all the other spheres touched at least one other sphere,
and hence were connected to the others. In LMCO2 however, one of the residues was all
alone. Keeping in mind that each sphere did not indicate one residue, the spheres that were
separate from the others in LMCO?2 were in fact just one residue by itself. Despite twisting
and turning, this was not shown in any of the other pockets.

LMCO3 seemed to have one of the smallest pockets, but apart from that it did not stand
out. LMCO4 seemed to have the biggest pocket, having a partly “loose” distribution, but
no separate residues. LMCOS seemed to have one of the smallest pockets, and having a
“loose” distribution. LMCO6 had the smallest pocket when compared directly. For unknown
reasons, this model refused to be in the same scale as the rest, and hence the pocket seemed
smaller.

From only looking at the models in figure 3.12, all the assumptions on the size and structure
of the pockets were highly objective. Looking at table 3.10 however, there were actual
numbers to consider. This first line of this table showed that LMCO4 actually was the
biggest pocket, having a total amount of 83 residues, followed by LMCO6 with 72, which
was surprising, as this seemed to be the smallest pocket. Again, this could be due to
differences in zoom. LMCO2 followed with 57 residues, then LMCO3 with 48, LMCO1
with 36 and finally LMCOS with 32. LMCOS was believed to be the smallest pocket,
although it seemed like the “loose” pocket of LMCO1 was actually smaller than LMCO3,
which was surprising. Again, trying to decide the number of residues in each pocket based
on the 3D models were not the most reliable assumption.
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The rest of table 3.10 showed the areas of the pocket which were thought to be conserved.
These areas, all separated and marked in green fields, can be anything from a single residue
to a whole stretch of sequence, being fully conserved in all of the LMCO’s or just a few.
The limit for selecting these were set to three, meaning that at least three of the LMCQO’s
had to show conserved residues for the region to count. Green field number one clearly
showed how a Glu residue was conserved around position 95. Despite this being interesting,
field number two was even more interesting, as both LMCO3, LMCO4 and LMCO6 had
a conserved stretch of at least six residues, which included one of the HXH’s. LMCOlI,
LMCO2 and LMCOS showed only partly conservation in this area, which was probably a
sign of the pocket detector missing out on some of the residues belonging to the pocket.
The HXH in this case belonged to the trinuclear site, according to table 3.8, which as
known from section 1.2 is involved in reducing molecular oxygen and releasing water.
It was therefore suspected that these residues would be involved in the pocket. It is pos-
sible that the Leu, which was conserved in all of the pockets, was enough to keep the
substrate close to the Cu sites. This was also the case for the ninth green field, where
four of the LMCO’s had a conserved Leu in the area that holds an HXH, even if only
three of the pockets actually included the HXH. Having an almost conserved Leu here as
well might have been an indication on Leu residues being involved in keeping the sub-
strate close to the trinuclear sites, although these are simply suggestions for further research.

Green field number five was one of the few areas that were close to fully conserved in
all the pockets. All LMCO’s had Gly-Asn/Ile-Asp around position 313, which also was
the only group of pocket residues in this area at all. As seen in Appendix A, these three
residues were the only ones between roughly positions 180 and 413.

It is not known if the lack of residues in LMCO1 and LMCOS, and the general diversity
among the pockets were caused by actual smaller pockets or due to a bug in the pocket
detector. In order to see if Phyre2 and Fpocket were reliable, sequences of studied multi-
copper oxidases from various fungi and one plant were run through Phyre2 and the pocket
detector (work not shown). These sequences were found using the protein data bank (PDB)
codes in (Larrondo et al., 2003), and laccases from Coprinus cinereus (PDB code 1A65),
Melanocarpus albomyces (PDB 1GWO) and Trametes versicolor laccase 1 (PDB 1GYC),
and ascorbate oxidase from Curcubita pepo (PDB 1AOZ). As Larrondo et al. had found
the residues involved with substrate binding sites, the results from the article could be
compared to the results from Phyre2. Two of the comparisons here, M. albomyces and
C. pepo, showed similarity, and the variations here were found to be natural. In the two
other cases, C. cinereus and T. versicolor, the results did not have any matching residues.
In all four cases, T1 copper sites were found as predicted, and partly/full trinuclear sites
were found. Based on these comparisons, it seems like Phyre2 works perfectly when it
comes to finding T1/trinuclear sites, although the results for substrate binding site should
be confirmed with another program and/or further lab work. This is one of the things that
are revisited in chapter 5.
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4.3.5 Alignments

When making a multiple alignment of the full sequences of the LMCO’s, it would have
been possible to just compare the signal sequences in the full alignment. This did however
not show the full alignment of the signal sequences as it should be, due to the differences
in length. Comparing them within the full sequence made the C-terminals of the signal
sequences align with the rest of the protein, and this did not seem right.

The choice of using two different versions of Clustal in the two alignments was based on
how the results came out when aligning the signal sequences. Usually, with the improve-
ments in Clustal Omega and the fact that the older versions such as ClustalW are being
faced out and Clustal Omega taking over, Clustal Omega would have been the first choice
for all alignments made. For smaller sequences such as the signal sequences however,
it’s easy to see how the different scoring matrices aligned the sequences. Using Clustal
Omega’s alignment, the different lengths of the signal sequences were considered in a way
that created holes in the middle, in stead of at the ends like the algorithm of ClustalW
did. The Clustal Omega alignment ended up with fewer conserved residues, and holes that
seemed unlikely, and therefore the older version was chosen above the newer. There were
no signs of effects like these when using ClustalW vs. Clustal Omega for the full sequences,
and hence ClustalW was used.

Signal sequences

The signal sequences in each protein was made out of 31 or 34 aa, not depending on the
length of the protein itself, as LMCO’s from P11F6, which had the longest chain of aa’s,
only had a signal sequence of 31 aa’s. The tendency seemed to be that the proteins of 567
aa’s, LMCO2 and LMCOS, were the ones with a signal sequence of 34 aa. The remaining
proteins of 565, 566 and 568 aa, all had 31 aa in their signal sequence. Looking at the align-
ment in figure 3.13, the signal sequences contains multiple conserved residues (18), and
in the remaining positions, the residues have similar properties. There were few positions
which were not conserved in any way, and apart from the ends and the varying lengths, the
signal sequences were found to be quite similar. Along with the 18 fully conserved residues,
the first 31 residues contains seven strongly similar and three weakly similar residues.

The similarity between the signal sequences could also be seen in figure 3.14, which
showed their close relationship. The phylogenetic tree clearly showed how LMCO1 was the
most different signal sequence, and that LMCO2 and LMCOS are identical. It is possible
that the reason LMCO/ is so different is that it comes from a plasmid.

Full sequence

Looking at the alignment of the full protein structure in figure 3.15, the first notable thing
was that Clustal Omega aligned the signal sequences different than ClustalW, which lead
to fewer conserved residues. The full alignment showed in the first 31 positions, 16 fully
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conserved residues, seven strongly similar and two weakly similar. This was due to the way
Clustal Omega handled gaps, here by creating end gaps in stead of gaps inside the alignment.

Apart from the signal sequences in the beginning, the overall alignment showed a lot of
conserved residues, both fully conserved and residues with strong/weak similarities. As
the figure showed, there were four parts of the alignment marked with different coloured
lines. These showed signature sequences, or attempts of identifying signature sequences.
The green line was found to be the exact sequence of type 1, and the purple was the exact
sequence of type 2, which confirmed the LMCO’s as actual members of the multicopper
oxidase family. With type 1 and type 2 resembling L2 and L4, these were partly covered.
There were two attempts of finding signature sequences for laccases, here marked as a pink
and a turquoise line, responding to L1 and L3, respectfully. These had residues in common,
although they did not match completely. The parts of the laccase signatures which involved
the Cu binding sites were fully conserved though, as expected.

Looking at the phylogenetic tree in figure 3.16, LMCO1 was still the farthest away from
the others. The closer relationship between LMCO2 and LMCOS5 was further confirmed
though, along with their neighbour LMCOG6. The biggest surprise here, when comparing
to the signal sequences’ tree, was LMCO3 becoming close to LMCO4, even though they
as a couple were farther away from the others. When the relationships here were first
predicted with the PyYMOL models in section 3.3.4, it was found that basing predictions on
relationship on models did not really work out, and the alignments and phylogenetic trees
were necessary to finally determine the relations between the LMCO’s.

4.4 Transcriptome, proteome and promoters

This section took a step away from the topics covered so far, and focused on something a
bit different. The choice of stepping into transcriptomics/proteomics was done in order to
see if it was possible to alter the gene expression of LMCO’s, by growing them on media
containing 2-methoxy-phenol. For this thesis, the main goal was finding the promoter
sequences for these upregulated genes.

4.4.1 Transcriptomics and proteomics

As seen in table 3.11, none of the top ten upregulated genes in P11F6 were LMCO’s. The
protein at the top was TonB-dependent receptor, which is found in gram negative bacteria
(Ferguson and Deisenhofer, 2002). These proteins are located in the outer membrane,
transporting substrates into the bacteria. A majority of the genes that were upregulated
were phenol hydroxylases, which was not very surprising giving the substrate added to
the media was 2-methoxy-phenol. Phenol hydroxylases are classified as oxidoreductases,
capable of reducing molecular oxygen, making them capable of using the substrate and
perhaps in this way being favoured over the LMCO’s (Kegg, 2015).
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To see if the top ten list of upregulated genes actually became translated, the genes were
checked against the proteome data. As seen in table 3.12, only eight of these genes were
actually found in the proteome. It is not known why not all of the top ten upregulated genes
were translated, or if they were translated and simply not detected. All that can be done
here are speculations, and this topic will be discussed further in chapter S.

4.4.2 Promoters

Most of the work done in this section was based on identifying the promoter sequences for
the top ten upregulated genes. Seeing the promoters in table 3.13, they were all sorted on
m-values from highest to lowest. Using BPROM to find the -10 and -35 regions, it was
always kept in mind that this search engine was made for sigma70 promoters in E.coli and
might not be completely suitable to find these regions in the Psychrobacter spp.. The results
from this search did however show promoter regions that made sense, the various regions
were placed in reasonable areas for them to be actual promoters, and the overall value of
the LDF’s were good. Being that LDF is a measure with neither upper nor lower limits,
they were only used for comparison if BPROM found more than one possible promoter.
Using 500 bp upstream of the start codon might have been a bit too much, seeing that all
of the promoters found were closer than that. In many cases, BPROM found more than
one possible promoter, and in all of these cases, the one closest to the start codon had both
the highest LDF value and seemed more promising. As all possible RBS’s were found
and put in the sequence along with all possible promoters before the decision on which to
go for were made, all possibilities were accounted for when choosing the ones to go on with.

OREF starts by SnapGene viewer were included just to show that some of the genes were
not recognized by SnapGene Viewers ORF finder, or in some cases the ORF was different.
This does not have to have any actual meaning, it was just added to show how things look
different using different programs, and also as way of confirming that in most cases, the
ORF’s were confirmed by more than one program.

When looking at the RBS’s found in table 3.14, most of the found cases were of AGCA.
Three of the promoters also had an extra RBS in AGGAGN. None were found having
AGGAGG. Most of the RBS’s in the table were included because they seem plausible, when
compared to the start codons and the found promoters. For three of the RBS’s however,
this was not the case. DoxX, hypothetical membrane protein and conserved hypothetical
secreted protein all have only one RBS, and this is found outside the part that will become
the mRNA. This means that these mRNA’s would not be recognized and bound by any
ribosome, and hence not translated. As two out of these three were found in the proteome,
and the third one was most likely there just not identified, the found RBS’s must be wrong.
As the three sequences searched for, AGGAGG, AGGAGN and AGCA, are consensus
sequences, it should be possible to find sequences that are closely related to these, which
was possible in all cases. These were not included in the results here, but could be part of
further studies, as discussed in chapter 5.
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Further research

5.1 RAST

As seen in section 3.1 and 4.1, there is still a lot of work possible to do here. As known
from section 2.1, all the annotations done here were automatically made. It’s possible to do
manual annotations along with the automatic one, to ensure that all the results are actually
included. Further research on the Psychrobacter spp. could perhaps include a deeper search
in RAST, doing more studies on the subsystems and the genes in them, and seeing the genes
in closer relations to Mauve would be interesting.

5.2 Mauve

In this thesis, the whole point of using Mauve was just to see a general view of evolutionary
differences between the genomes, not going deeper into anything. As the figures in section
3.2 showed, there are a lot of things that could be investigated further here, such as focusing
on specific genes and following them in the genomes, or mapping the differences and
similarities in much more detailed manners. If further studies on these Psychrobacter
genomes are interesting, deeper searches in mauve could be very useful.

5.3 Laccase-like Multicopper Oxidases

In the section of pocket analysis using PyYMOL, it was discovered that the pocket sequences
were of different length. By comparing the parts of the pockets that had identical residues,
and specially in the parts where some of the LMCO’s had multiple residues while others had
just one or two residues. Two cases of this was shown to appear in the areas of trinuclear
sites, where a fully conserved and a semi-conserved Leu residue was the only residue found
in some of the pockets, while others included whole stretches of residues, including the
HXH pattern. It would be possible to see if this Leu residues actually had anything to do
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with holding the substrate in place, or if there was any bugs in Phyre2’s Investigator/Fpocket
leading to not finding the complete substrate pockets.

5.4 Transcriptome, proteome and promoters

This is the section that has the most potential for further research, as two of the topics here
were barely touched. Trying to figure out why the LM CO in P11F6 was not on the top ten
list of transcribed genes when growing on media containing added substrate, or trying to
find a substrate that will upregulate the transcription of LMCO, are both possible studies
that could be interesting. As the proteome part of this thesis was simply to see if the top ten
list of upregulated genes were found in among the proteins, there is still plenty of work to
do here, such as identifying the two missing upregulated genes in the proteome.

In the promoter section, the promoters found here are purely theoretical. As many RBS’s
were found, some of them even being most likely completely wrong, one interesting study
here would be to figure out which ones of these were actually the correct ones, if any. In the
case of DoxX, hypothetical membrane protein and conserved hypothetical secreted protein,
it was possible to find sequences which resembled the RBS’s that were searched for. These
resembling sequences had perhaps a base wrong or had two of them in different places.
These are, hypothetically, possible RBS’s, although with a different strength, as the changes
in bases could alter binding. Discovering if these are real could be a part of further studies,
and both studies like this or general studies on the promoters could be done by knocking
out various RBS’s or introducing mutations to the found promoter sequences and see how
this would affect the gene expression.
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Conclusion

The automatic annotation of four genomes of Psychrobacter spp. by RAST showed four
genomes of high similarity, although with some differences, just as expected. The four
genomes were all between 3.2 and 3.4 millions bp, had a GC-content of 41.9 to 42.9 %
and contained between 2674 and 2914 genes. The distributions found by RAST showed a
generally even number of genes in each of the 27 subsystems, with a few exceptions. The
exceptions here might be due to a low rate of subsystem coverage by RAST. Using Mauve
for evolutionary analysis showed how whole segments of genes were moved around in the
genomes as a result of evolution, keeping some parts more or less conserved and at the
same time having rearrangements of blocks. Both the RAST results and Mauve could be
used in deeper studies of genome and evolution.

By analyzing the LMCO’s in various ways and with various tools, they were found to
have a length of 565 - 568 aa’s of a generally similar distribution, having a Mw of 63.7
- 64 KDa and pI of 7.07 - 8.59, a predicted half-life of “>10 h” and being classified
as “stable”. Cu binding sites were found in all six LMCQ’s, both T1, T2 and T3. All
of the sites were included in the signature sequences as expected, and the signature se-
quences for members of the multicopper oxidase family were confirmed. The laccase
specific signature sequences were only found partly, which concludes that the LMCO’s
are definitely members of the multicopper oxidase family, although most likely not laccases.

By comparing 3D models and superpositioning the proteins, the differences and similarities
were further investigated and showed some unexpected variations in the LMCO’s that
were suspected to be similar, while others showed opposite tendencies. 3D models of the
substrate pockets were also made, showing some of the pockets being a lot smaller than the
others. The pockets were in general a lot more different than expected, although there were
some clearly conserved residues. Deciding if the sizes of the pockets are correct could be
investigated further in the lab.
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Signal sequences were all found to be destined for the periplasm, and an alignment of them
showed that they where not as similar as expected. Aligning the whole proteins sequences
did however show a lot of conserved residues, especially in the parts containing the Cu
binding sites and signature sequences.

When growing the Psychrobacter P11F6 on media containing 2-methoxy-phenol, it was
expected to see an upregulation of LMCO’s. This was not found, although a large amount
of phenol hydroxylases were upregulated. By comparing the top ten list of upregulated
genes to the proteome, only eight of them were found. All of the promoters for the top ten
upregulated genes were found, and although being purely theoretical, the found sequences
seems to fit the expected positions and contents of prokaryot promoters, apart from the
RBS’s of DoxX, hypthetical membrane protein and conserved hypothetical secreted protein.
The given RBS’s are probably wrong, and this section needs more work, such as trying to
find alternative RBS’s. This could be investigated further in the lab for confirmation.

The goal of this thesis was to get an overview of the genomes of the four Psychrobacter
spp., investigate the six found LMCO’s and finding the promoters to the top ten regulated
genes as well as doing a brief comparison of transcriptome and proteome results. Even if
there are still things that needs further work, the overall goals are reached, and hopefully
the results from this work can be used for further research.
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Appendix A

Appendix A shows the full list of pocket residues for all LMCO’s.

LMCO1
Ser41
Alad4
Thr45

lle46
Ser48
GIn50
Asn51
Glu97

Leu121

Lys150

GIn151

Ser152

Lys178

Gly315

Asn316

Asp317

Pro415

Arg416

Met417

Asn418

Leu419

Asp420

Arg490

Gly509

Met510

Trp511

Ser512

Asp513

Appendices

LMCO2
His52
Lys53
Glu96e

Leu119

Leu120

Val121

Pro122

Phe123

Glu124

Asp126

Thr146

Lys149

GIn150

Ser151

Gly314
lle315

Asp316

Pro414

Met416

Asn424

Arg426

Glu465

Arg466

Val482
lle484

Lys485

Pro486

Asn487

LMCO3
GIn40
Ala43
Val44
Asn45
Asp47
Ala49
Asp50

lle52
Val53
Pro54
Glu9s
His114
Trp115
His116

Gly117

Leu118

Leu119

Asp125

Leu147

Val148

GIn149

Ser150

Lys176

Gly313

Asn314

Asp315

Ala443
lle444

LMCO4
GIn40
Ala43
Val44
Asn45
Asp47
Ser49
Asp50
His51
lle52
Val53
Pro54
Phe61
Leu91
Met93
Glu9s
Thro8
Val99
lle101
His114
Trp115
His116
Gly117
Leu118
Leu119
Val120
Pro121
Phe122
Glu123

LMCO5
Val44
lle45
Asn46
Pro55
Glu93
Leu120
Leu148
Lys149
GIn150
Ser151
Lys177
Arg179
Gly314
lle315
Asp316
Met416
lle484
Pro486
Arg489
Val490
lle492
Gly508
Met509
Trp510
Arg523
Val539
Thr540
Gly541

LMCO6
Asn40
Val43
Asn44
Ser45
Arg47
Ala48
Asp49
His50
lle51
Glu94
His113
Trp114
His115
Gly116
Leu117
Leu118
Val119
Met123
Asp124
Phe144
lle147
GIn148
Ser149
Lys175
Gly312
1le313
Asp314
Pro412
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Phe521 Arg489 lle483 Asp125 Glu542 Met414

Arg524 lle492 Arg488 Phe145 Val564 Leu416

Val540 Met504 lle491 Leu147 Arg424

Gly542 Gly508 Leu505 GIn149 lle482

Trp510 Gly507 Gly151 Pro484

Leu513 Trp509 Tyr153 Arg487

Arg523 His524 Val172 11e490

His525 Thr539 Gly313 Met502

Phe537 Glu541 Asp315 Leu504

Val539 Val563 Asn423 Gly506

Gly541 Glu464 Trp508

Ala543 lle483 Asp510

Trp548 Arg488 GIn519

Glu563 lle491 Arg521

Val566 Met503 His523

74



Leu505 lle525

Gly507 Asp536

Trp509 Thr538

Leu512 Glu540

Lys523 Trp544

Thr525 Arg560

Phe536 Val562

Val538

Gly540

Trp545

Arg561

Val563

75



	Summary
	Sammendrag
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	Abbreviations
	Introduction
	Psychrobacter
	Laccases
	Promoters
	Pre-work
	Aim of study

	Methods and programs
	RAST annotation
	Mauve
	Laccase-like multicopper oxidases
	ProtParam
	Phyre2
	PSORT-B
	PyMOL
	Clustal

	Transcriptome, proteome and promoters
	Transcriptome and proteome
	Promoters


	Results
	RAST
	Graphical distribution of genes
	Comparison of the genomes
	Comparison of the subsystems feature counts

	Mauve
	Laccase-like Multicopper Oxidases
	Amino acids and half-life
	Copper sites
	Subcellular location
	PyMOL
	Alignments

	Transcriptome, proteome and promoters
	Transcriptomics and proteomics
	Promoters


	Discussion
	RAST
	Mauve
	Laccase-like Multicopper Oxidases
	Amino acids and half-life
	Copper sites
	Subcellular location
	PyMOL
	Alignments

	Transcriptome, proteome and promoters
	Transcriptomics and proteomics
	Promoters


	Further research
	RAST
	Mauve
	Laccase-like Multicopper Oxidases
	Transcriptome, proteome and promoters

	Conclusion
	Bibliography
	Appendices
	Appendix A: Substrate pocket residues


