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1 Introduction

1.1 The MultiSeq Bioinformatic Analysis Environment

The MultiSeq extension to VMD allows researchers to study the evolutionary
changes in sequence and structure of biomolecules across all three domains of life
- Archaea, Bacteria, and Eukarya. For example, one can compare the bacterial
sequences and structures of a particular biomolecule to its human counterpart
in MultiSeq. MultiSeq contains several metrics for the comparison of sequences
and structures developed by the Luthey-Schulten group [8, 9, 17] in addition to
some of the standard metrics such as percentage identity, sequence similarity,
sequence entropy, and RMSD of structures. Of particular note is the inclusion
of a recently developed structure-based measure of homology,fQsee Appendix
B), that accounts for the e ect of insertions and deletions and has been shown
to produce accurate structure-based phylogenetic trees. Q is a measure for
the structural similarity between pairs of homologs and is based on a metric,
Q, developed by Wolynes, Luthey-Schulten, and coworkers [4], to measure the
local unfolding of a protein (see Appendix A). In addition to Q, Qy has also
got a gap penalty term that measures how insertions and deletions perturb the
aligned core structure of the biomolecule. MultiSeq also includes or allows for
the easy integration of several popular bioinformatics programs, including the
STAMP structural alignment tool, kindly provided by our colleagues Russell
and Barton[13], BLAST[1], ClustalW[18], and MAFFT[6]. Our goal is to o er
researchers a complete and user friendly tool for examining the changes in pro-
tein sequence and structure in the correct framework of evolution. MultiSeq is
an invaluable tool for relating protein structure to function and can be used to
generalize the results to homologous molecules in all three domains of life.

This tutorial showcases the MultiSeq environment and will allow the reader to
combine sequence and structure information into evolutionary pro les used on
protein:RNA complexes in translation [8, 9, 17, 16]. Evolutionary pro les are
compact representative sets that can be used for gene annotation [17], coevolu-
tion [12], and energetic analysis [3]. The tutorial is designed such that it can
be used by both new and experienced users of VMD, however, it is highly rec-
ommended that new users go through the VMD Molecular Graphics tutorial

in order to gain a working knowledge of the program. This tutorial should take
about three hours to complete in its entirety.

1.2 Aminoacyl-tRNA Synthetases: Role in translation

Before beginning the actual tutorial, a small amount of background informa-
tion on the cellular translation system may be helpful. The aminoacyl-tRNA
synthetases (aaRSs) are key proteins involved in setting the genetic code in all
living organisms and are found in all three domains of life Bacteria (B), Ar-
chaea (A), and Eukarya (E). The essential process of protein synthesis requires
twenty sets of synthetases and their corresponding tRNAs for the correct trans-
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mission of the genetic information. The aaRSs are responsible for loading the
twenty di erent amino acids (aa) onto their cognate tRNA (tRNA containing
the appropriate anticodon). The formation (See Figure 1) of aminoacyl-tRNA
(aa-tRNA) occurs via direct acylation or an indirect mechanism in which the
amino acid or amino acid precursor in the misacylated tRNA is modied in
a second step. These indirect pathways suggest interesting evolutionary links
between amino acid biosynthesis and protein synthesis[11, 14].

Figure 1: (1) The two steps direct acylation of tRNA by glutamyl-tRNA syn-
thetase. (a) The glutamate is rst combined with an ATP molecule to form
an activated glutamyl-adenylate and then (b) the adenylate reacts with the
tRNA to form the charged glutamyl-tRNA. (2) The indirect mechanism for
charging the tRNA. (a) The tRNA " is mischarged with a glutamate which is
then (b) converted to a glutamine by an amidotransferase.

Each aaRS is a multidomain protein consisting of (at least) a catalytic domain
and an anticodon binding domain. In all known cases, the synthetases can be
divided into two types based on homology of their catalytic domains: class | or
class Il. Class | aaRSs possess the basic Rossmann fold, while class Il aaRSs
exhibit a fold that is unique to them and biotin synthetase holoenzyme. Addi-
tionally, some of the aaRSs, for example the bacterial leucyl-tRNA synthetase,
have an insert domain within their catalytic domain (see Figure 2). The tRNA

is charged in the catalytic domain and recognition of it takes place through in-
teractions with the anticodon loop, acceptor stem, and D-arm of the tRNA (see
Figure 2). In the rst part of the tutorial we will examine the evolution of the
structure and sequences of the aaRSs and in the second part, provide a cursory
evolutionary analysis of the tRNA and its recognition elements.
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Figure 2: aaRS:tRNA complexA. A snapshot of GIuRS:tRNA:Glu-AMP com-
plex (from T. thermophilus; PDB code 1n78) in the active form. The tRNA
(shown in yellow) is docked to GIURS (shown as cartoon), and the analog of
Glu-AMP substrate is shown in space- lling representation. The GIuRS can be
divided into four parts: the anticodon-binding domain (green), the four helix-
junction domain (orange), the CP1 insertion (purple), and the catalytic domain
(blue). The catalytic active site is highlighted within the catalytic domain (pink
oval); The three anticodon bases are also highlighted (blue oval). Note that spe-
ci ¢ contacts between the tRNA and GIuRS allow for strategic positioning of the
tRNA relative to the enzyme. B. The secondary structure of T. thermophilus
tRNA G The bases that are essential for tRNA recognition by GIuRS are
shown in red.



1 INTRODUCTION 7

1.3 Getting Started
1.3.1 Requirements

MultiSeq must be correctly installed and con gured before you can begin using
it to analyze the evolution of protein structure. This section walks you through
the process of doing so, but there are a few prerequisites that must be met
before this section can be started:

VMD 1.8.7 beta or later must be installed. The latest version of VMD
can be obtained from http://www.ks.uiuc.edu/Research/vmd/

This tutorial requires approximately 340 MB of free space on your local
hard disk. MultiSeq requires about 500 MB of free space for metadata
databases.

1.3.2 Copying the tutorial les

This tutorial requires certain les, which are available in the following directory
on the tutorial CD:

[Tutorials/Evolution_of Translation_Class-l/tutorial-files/
or in the compressed le available for download from the tutorial website.

You should copy this entire directory to a location on your local hard disk. The
path to the directory must not contain any spaces. For the remainder ofthis
tutorial, this directory on your local drive will be referred to as TUTORIAL_DIR

1.3.3 Conguring MultiSeq

MultiSeq saves user preferences in a le namedmultiseqrc located in your
home directory. The preferences saved include the location of any local databases,
previous search options, and others. When you start MultiSeq for the rst time,

it will ask you if it is ok to create this le and to specify the directory in which

to look for any metadata databases.

What is metadata? Metadata is a term meaning data about data.
In MultiSeq the word metadata refers to information about the se-
qguences or structures loaded into the program. MultiSeq knows ho
to nd certain types of sequences or structures in the public metar
data databases and can display information from them such as th
species from which the protein originated, the taxonomic lineage @
the organism, the protein's enzymatic properties, and even how tp
nd the protein in other databases. You'll learn more about how,
this can be helpful later in the tutorial.

=

=~ @
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Follow these steps to con gure MultiSeq:

1. Launch VMD.

2. Within the VMD main window, choose the Extensionsnenu, selectAnalysis
I MultiSeq

3. MultiSeq will notify you that you must select a directory in which to store
metadata databases. Press th®©K button.

4. You will then be prompted to select the metadata directory. If the direc-
tory already contains the metadata databases, MultiSeq will use them. If
not, MultiSeq will download them into the directory. If you are following
this tutorial from a CD, choose the TUTORIAL_DIR/multiseqdbdirectory
in the dialog and press theOK button. If you are following from the In-
ternet, select the directory where you would like MultiSeq to store the
databases and press thé@K button.
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5. If updates to the metadata databases are available, MultiSeq will present
a dialog showing the available updates and give you the option of down-
loading them. Press theYesbutton to download the updates. MultiSeq
will ask you to wait while the updates are downloaded, which may take a
few minutes depending on the size of the updates and the speed of your
connection.

6. The MultiSeq Preferences dialog will then appear showing the metadata
directory and the currently installed databases. Press theClosebutton to
save these preferences.
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7. The MultiSeq program window will then appear on the screen. The rest
of the tutorial and exercises will use features from this window, unless
otherwise speci ed.

Figure 3: The MultiSeq program window

1.3.4 Conguring BLAST for MultiSeq

MultiSeq is now minimally con gured. For the purposes of this tutorial, how-
ever, some additional functionality is needed. Speci cally, the tutorial uses
BLAST to perform sequences searches, requiring that a local version of BLAST
be installed.
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What is BLAST and why do | need to install it?
BLAST is a software tool available from the NCBI
(http://www.ncbi.nim.nih.gov/BLAST/) that allows you to
search through a database of sequences and nd those that are
similar to a query sequence or pro le of sequences. BLAST allows
for very rapid searching through a large number of sequences apd
is widely used in the bioinformatics community. BLAST is typically
used via one of two methods: online search or local installation.
An online search is very simple and requires nothing more than for
a user to paste a query sequence into a web page, but the utility
of such a search is somewhat limited. MultiSeq requires a local
BLAST installation because it provides additional functionality to
the user not available through an online search.

Follow these steps to install a local copy of BLAST:

1. Create a directory on your local hard disk into which BLAST will be
installed. Recommended directories are:
Unix/Linux: /usr/local/blast
" Mac OS X: /Applications/Blast
Windows: C:\Blast

2. Archives of the BLAST installation for each of the supported platforms
are located on the tutorial CD in the directory:

[Tutorials/class-I/blast-install/

or in the compressed le available for download from the tutorial web-
site.

Copy the BLAST archive le corresponding to your platform into the
directory created in the previous step.

3. Extract the archive. On Unix/Linux, use a command such astar zxvf filename
On Mac OS X and Windows, the archive is a self-extracting executable,
so just double-click on it.

4. Next, you must set the BLAST installation location in MultiSeq. From
the MultiSeq program window, chooseFile! Preferences...to bring up
the preferences dialog.

5. Click on the Software button in the upper left portion of the dialog to
show the software preferences.

6. Click on the Browse... button in the BLAST Installation Directory
section and select the directory into which you installed BLAST. Note:
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on Linux and Mac OS X you may have a directory calledblast-2.2.13
underneath your installation directory. If so, pick this directory in the
browse dialog.

7. Press theClosebutton to save these changes. MultiSeq is now con gured
to use your local installation of BLAST.
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1.4 The Glutamyl-tRNA Synthetase:tRNA Complex
1.4.1 Loading the structure into MultiSeq

In order to become familiar with the structural and functional features of the
aaRSs, we will rst explore the glutamyl-tRNA synthetase (GIURS) as com-
plexed with glutamyl-adenylate analog and tRNA®" (PDB code: 1n78). To do
this:

1. If MultiSeq is not running, start it from within VMD by choosing the
Extensionsmenu and then selectingAnalysis! MultiSeq The MultiSeq
program window will appear on your screen.

2. Choose theFile menu and selectimport Data.... The Import Data dialog
will appear.

3. Make sure the From Filesradio button is marked and in the Filenames

eld enter the PDB code 1n78. Click the OK button to have MultiSeq
download the structure from the PDB website. If you do not have Internet
access, you can also click on th&rowse... button and select the le from
your local tutorial directory at TUTORIAL_DIR/1n78.pdb

Loading multiple structures. When performing an evolutionary
analysis, itis common to load numerous structures. MultiSeq make
this easy by allowing you to select multiple les from your hard disk
when using the Browse... button on the Import Data dialog. You
can also have MultiSeq download multiple structures from the PDE

1n78,1lasy,1b8a In addition to PDB structures, MultiSeq allows
you to download structures directly from the Astral database by
entering their SCOP domains. You'll learn more about Astral and
SCOP later in the tutorial.

by entering them into the Filenames eld separated by commas, e.g.

7]
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You should now have the GIURS:tRNA complex loaded in MultiSeq, as shown
in Figure 4. When you load a structure into VMD, MultiSeq represents each
chain of the molecule as a separate row showing the one character code for each
residue in the columns. In 1n78, the crystallographic unit contains two nearly
identical complexes. Therefore, you can see two molecules of protein (the A
chain and the B chain) and they are named asln78_A and 1n78_B in the
MultiSeq program window. There are also two molecules of tRNA and named
1n78_C and 1n78_D , respectively.

Figure 4: MultiSeq showing the loaded structure 1N78

1.4.2 Selecting and highlighting residues

Click on one of the residues in the sequence namda78_A . The residue should
appear highlighted in both the MultiSeq window and the Open GL display. If
you can't see it in the Open GL display, try changing the representation used for
highlighting the current selection by selecting to the View! Highlight Style!
VDW menu option. Notice that MultiSeq also shows the resID of the currently
selected residue in the status bar at the bottom of the MultiSeq window. These
are the same resID numbers as in the PDB le and can be very useful during
an analysis. We'll see how to use them later on.

Now try selecting a larger region by clicking a residue and dragging the mouse
in the MultiSeq program window. You can also highlight regions in MultiSeq
by holding down the Shift and Control keys while clicking with the mouse, as
you would in any other GUI program. These operations are calledshift clicking
and Control clicking and will be useful throughout the tutorial. One additional
thing to note is that you can change the color that is used to highlight your se-
lection in the Open GL display. Try doing so by selecting theView! Highlight
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Color! Namemenu option. Now each atom is colored according to its name.
This coloring method can be very helpful when looking at speci c atomic level
interactions between residues, such as hydrogen bonds.

1.4.3 Domain organization of the synthetase

All of the aaRSs are multidomain proteins, but the exact number and fold of
each domain is speci c to each synthetase. GIURS has a catalytic domain (com-
prised of residues 179 and 181 306), a four helix-junction domain (residues
307 374), an anticodon-binding domain (residues 375 468), and a CP1 inser-
tion (residues 81 186, CP1 referred to connected-peptide 1). Interestingly, the
CP1 insertion interrupts the sequence of the catalytic domain. Try selecting
each domain one at a time. You can select two non-contiguous regions in Multi-
Seq by clicking the rst residue of the rst region, Shift clicking the last residue
of the rst region, Control clicking the rst residue of the second region, and
nally Control-Shift clicking the last residue of the second region.

The anticodon for glutamate is comprised of C534, U535, and C536. Select
these bases in Multiseq and they will be highlighted. Note how the anticodon-
binding domain of the enzyme attaches itself to the anticodon in the tRNA,;
zoom in on the anticodon. The CUC anticodon decodes GAG codon, which
encodes glutamate. You will examine the tRNA in more detail in Section 4.

1.4.4 Nearest neighbor contacts

When analyzing protein structures, it is often desirable to know what residues
are in contact with each other. Here we will identify those residues in the GIURS
that recognize the anticodon. To make this process easier, MultiSeq provides a
function that allows you search for residues in contact with a selected region.
To do this, rst click the checkbox to the left of the name of sequenceln78_A .
The sequence should appear checked as shown below.

This is called marking a sequence; multiple sequences can be marked in Multi-
Seq at the same time. MultiSeq allows you to limit the scope of many operations
to sequences that are marked. Now, with the three anticodon bases (bases{

Uss, and Cgg) highlighted in MultiSeq, select the Search!  Select Contact Shells
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menu option. The Select Contact Shells dialog will appear. Change the scope of
the search to be only the marked sequences by selecting thidarked Sequences
radio button, change the contact distance to be 3.0 A, and then and press the
OK button.

Figure 5: Select Contacts Shells dialog

The residues of the protein that are within 3.0 A of the anticodon are selected
in both the MultiSeq window and the Open GL display, as shown in Figure 6.
They include R358, R417, R435, L442 and T444. As you may noticed, many
of them are positively charged residues, which can stabilize the RNA:protein
interaction by electrostatic forces. Among these residues, R358 is particularly
interesting: it is responsible for discriminating tRNA ¢ and tRNA € [15]. Also
notice the - cation interaction between residue R435 of the synthetase and
bases U535 of the tRNA. What other types of interactions between the protein
and tRNA can you recognize?

Use VMD to zoom in on the active site within the catalytic domain; you may

want to rotate the molecule to get the best view possible. Note how the ac-
ceptor stem of the tRNA bends into the active site of the GIURS. Select the
residue of position 469 in chain A. This mysterious" residue is the analog of
glutamyl-adenylate. The formation of the glutamyl-adenylate comes from one
glutamate molecule and ATP; this adenylated species is activated and then
transferred to the cognate tRNA with energy provided from the hydrolysis of
the adenylate complex to AMP. Also note how the architecture of the active
site prohibits the di usion of this activated amino acid out of the active site;

the glutamyl-adenylate is trapped between the catalytic domain and the tRNA.
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Figure 6: Residues of GIURS (green ) within 3.0 A of the anticodon (yellow)

The chemistry of aaRSs Explore the active site of the GIURS-tRNA
complex in a similar way to what you did above for the anticodo
region and answer the following questions: What step of the reaction
shown in Figure 1 does this structure represent? What are the
substrates? What products are synthesized by this reaction? What
part of the tRNA is involved in this reaction? What part of the
protein is involved?
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Where does the tRNA go once it is charged with its amino
acid? At the ribosome, the anticodon of the charged tRNA is
matched to the mRNA codon. Then the tRNA isdeacylated with
the amino acid being added as the next residue in the nascent pro-
tein chain.

Send the tRNA o to the ribosome yourself by deleting the molecule before you
begin the next part of the tutorial. You can do this by selecting th&ile! New
Sessiormenu option.



2 EVOLUTIONARY ANALYSIS OF AARS STRUCTURES 19

2 Evolutionary Analysis of aaRS Structures

In this part of the tutorial, we will use MultiSeq to align the catalytic domains

of 31 class | aaRS structures, representing 11 di erent speci cities from each do-
main of life. The catalytic domain of each structure has been directly extracted
from the ASTRAL database, which contains the structures of each of the pro-
teins' domains. This part of the tutorial will emphasize both structural and
sequence based analyses of the aaRSs and ultimately create a phylogenetic tree
illustrating the evolution of the protein family. A sequence based phylogenetic
analysis can be used to study recent phylogenetic events. However, sequence
alignments are less reliable as the sequence identity reduces below 30% (twilight
zone). On the other hand, a structural phylogenetic tree allows examination of
more distant evolutionary events such as when speci city was being acquired.
We use as a reference for all trees the universal tree developed by Carl Woese
using 16S ribosomal RNAs (Figure 7).

Figure 7: Universal tree of life

2.1 Loading Molecules

To further explore aaRSs, we will now examine the catalytic domain of 31 Class
| aaRS structures in MultiSeq. Before we begin, make sure you have deleted
any molecules in the MultiSeq program window.

1. Select theFile! Import Data item in the Main MultiSeq window. We will
be importing Data From Files Make sure From Filesis selected.

2. Hit the Browsebutton. A le browser window will appear. Navigate the
le browser to the TUTORIAL_DIR/class-1-synthetases directory.
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3. There are 31 PDB les you want to load from the directory. You may need
to change the lename lter to allow for selection of PDB les 1. Select all
of the les by clicking on the rst le with your mouse and holding down
the shift key and then selecting the last le.

4. Hit the OK button in the le browser window.

5. Notice that all of the le names will appear in the eld Filenames If this
looks correct hit the OK button at the bottom of the Import Data dialog.

Since there are several les, it will take VMD about a minute to fully load the
molecules. Once the molecules are in VMD and MultiSeq, you will see a 3D
representation in the OpenGL display and sequence information in the Sequence
Display of the main MultiSeq window.

The molecules will appear in the OpenGL display window. We will now walk
through the steps for aligning these molecules.

What is the ASTRAL database? The ASTRAL database
(http://astral.berkeley.edu) is a compendium of protein domain
structures derived from the PDB database. It divides each protei
structure into its domain components de ned by SCOP. For exam
ple, GIuRS is divided into two separate PDB les: one containing
the catalytic domain, and one for the anticodon binding domain
The names of the les contain the PDB code, the chain name, and
number, which corresponds to the structural domain. For example
the anticodon binding domain for one of the GIuURS-tRNA comple
is: d1jo9al.

=}

2.2 Multiple Structure Alignments
Next we will structurally align the molecules:

1. Go to the MultiSeq program window and selectToolsin the top pull-down
menu.

2. Then click on Stamp Structural Alignment A new window entitled Stamp
Alignment Options will appear with default settings (see Figure 8).

Perform the alignment by hitting the OK button. Once this step is complete,
you will be able to view the structural alignment in both the OpenGL Display
window and the main MultiSeq Window.

If you would like more information about STAMP parameters, please refer to
the STAMP manual.?

INote these commands for selecting all of the PDB les may di er on various operating
systems. Select all of the les as appropriate for your operating system.
2The STAMP manual is available at http://www.compbio.dundee.ac.uk/manuals/stamp.4.2/stamp.html
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Figure 8: Stamp Alignment Options Window

How molecules are aligned in a multiple structural alignment

MultiSeq uses the program STAMP to align protein molecules
The STAMP algorithm minimizes theC distance between aligned
residues of each molecule by applying globally optimal rigid-bod
rotations and translations. Also, note that you can only perform
alignments on molecules that are structurally similar. If you try
to align proteins that have no common substructures, STAMP will
have no means to align them. If you would like further information
about how the alignment occurs, please refer to the STAMP manual

<

2.3 Structural Conservation Measure: Q res

MultiSeq features various coloring metrics for protein analysis. When applied to
structures, the coloring is displayed in both the OpenGL display and the main
MultiSeq window. Qes is the coloring metric for structure similarity in multiple
alignment of structures. Determining structure conservation is one method in
evolutionary analysis that helps us understand what regions of a protein, or in
this case what structural elements of the catalytic domain of aaRSs, are con
served across all speci cities. In this tutorial we use the RGB (red-green-blue)
color scale instead of the default RWB (red-white-blue) so that only gaps appear
white in the alignment editor.



2 EVOLUTIONARY ANALYSIS OF AARS STRUCTURES 22

To change the color scale:

1. From the VMD Main window select Graphics! Colors...to bring up the
Color Controls window.

2. In the Color Controls window select the Color Scaletab.
3. ChooseRGB from the Method pick list.

4. Close the Color Controls window.

What is Qres? To answer this question we rst must consider
What is Q? Q is a parameter borrowed from protein folding that
indicatesstructural similarity. Traditionally, Q has meant the frac-

tion of similar native pairwise distances between aligned residues
two proteins, or in two di erent conformational states of the same
protein. When Q = 1, it indicates that the structures are identical.
When Q has a low score(.1), it means that few pair distances are
similar to their native values, or, in other words, the structures dg
not align well. Homologs typically have Q0.4. Qes is the contri-

bution from each residue to the overall average Q value. For more
information see Appendices AC

>

Qres is accessed by:
1. Click on the View menu in the MultiSeq program window.
2. Make sureColoring! Apply to all is checked and selecColoring! Qres

Look at the OpenGL Display window to see the impact coloring by Qres has
made on the molecules.

You will probably notice that several regions within the interior of the aligned
molecules have turned green. Rotate the molecule to see how much of it has
turned green. Green indicates that the molecules are somewhat structurally
conserved at those points; while blue indicates identical structures (@s = 1)
and red for unaligned parts (Qes = 0), which often correspond to insertions
that are unique to one speci city. For homologous proteins, Qes 0.7, hence
they are colored bluish green.

You can also view secondary structure information derived from the crystal
structures. In a structural alignment, -helices and -strands from a given
protein should align with similar elements in the other proteins.

To view the secondary structures for the sequences in your alignment:

1. In the MultiSeq window select the sequences by clicking the name of the
topmost sequence and then shift-clicking the name of the bottom sequence.
All sequences should appear highlighted.
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Figure 9: The catalytic domain colored by Qres

2. Click the r box to the right of one of the sequence names and choose

Secondary Structurérom the popup menu.

You should now be able to see picture representations of -helices (wavey rib-
bons), -strands (fat arrows), and coils (thin lines). Scroll through the align-
ment and look at how the secondary structure elements align. To view the
sequences again follow the above instructions but choosBequencefrom the

popup menu.

tion patterns, go back to the main MultiSeq window and see wher

Using the side-scroll on the bottom of the main MultiSeq window
you can see the core residues begins at about position 160 and e
around 1150 in the alignment fotice that the position number in

sequence, since the alignment contains ggpsHowever, not all se-

guences in this region are core residues, many of them are insertio

position 830 to 880 for entry dlwkba3, which corresponds ®yro-
coccus horikoshiiLeuRS.

the alignment is not always the same as the residue number in each

which are characterized by a low & value and thus appear to be
red in the alignment. For example, there is a long insertion betwegn

Core Structure Now that we have observed the structural conserva-

the coloring of the core begins and ends. Since all the class | aaRS
share a homologous core, you would expect the core residues should
have a high Qes value and have a green color in the alignment.

ds

ns,
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2.4 Structure Based Phylogenetic Analysis
2.4.1 Limitations of sequence data

In this section we will look at the phylogenetic history of the class | aaRS struc-
tures. Most common methods of phylogenetic analysis use only information
derived from the sequences to build the tree. However, the following two rea-
sons restricted the application of these methods to highly divergent sequence
data. First, a set of highly divergent sequences may not generate a reliable
alignment, this is true for the case of class | aaRS, in which we have to applied
the structural alignments, as we did in previous part. Second, many of the
proteins we are looking at diverged before the last universal common ancestral
state (LUCAS), and have evolved independently since then. Consequently, they
have a very low level of sequence identity. In fact, many of them have no more
sequence relation than would be expected at random (8 10%). This is called
the midnight zone of sequence identity and makes phylogenetic reconstruc-
tion using sequence metrics unreliable for very distantly related proteins. To
demonstrate the second point, construct a sequence based phylogenetic tree of
these aaRSs by following these steps:

1. In the MultiSeq program window, select the Tools! Phylogenetic Tree
menu option.

2. The Create Phylogenetic Tree dialog will appear. SelectSequence tree
using Percent Identityas the type of tree to construct and press theOK
button.

Calculating phylogenetic relationships. The phylogenetic trees in
MultiSeq are all distance based trees. This means that they are
calculated by using a pairwise metric (e.g. percent identity orQ

to build a matrix comparing all possible pairs and then transform
ing this distance matrix intoa tree. To do this, MultiSeq uses tw
treeing methods: UPGMA (Unweighted Pair Group Method with
Arithmetic mean) and Neighbor-Joining. Other methods, such a
Maximum Likelihood or Maximum Parsimony, may give more accu-
rate results, but are generally much more computationally intensive.
MultiSeq does not support computing trees this way, but will allo
you to view them after they have been computed. Look up the de-
tails of these four tree computation methods on the Internet. Whic
one would you choose to use?

A phylogenetic tree based on percent sequence identity of the proteins will be
calculated and drawn, as shown in Figure 10. SelecView ! Leaf Color!
Taxonomy> Domain of Lifeand then View ! Leaf Text! Enzyme> Name to
show more information in the tree viewer.
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How to read a phylogenetic tree. MultiSeq shows phylogenetic
trees as dendrograms. A dendrogram represents the distance be-
tween any two nodes of the tree as the total horizontal distance
traversed to get from one node to the other. In Figure 10, for ex-
ample, the distance traversed to get from d2tsl__ to diljila_ is
0.38, or twice the distance to their closest common parent node.
In this example, that distance represents 62% identity between the
two sequence. The distance between any two nodes is shown in the
tree status bar when you click on the rst node and then Shift click]
on the second node.

It is important to examine the phylogenetic tree we have built. At rst glance,
you may notice that many aaRSs with same speci city are grouped together,
which is quite reasonable. The lleRS, LeuRS, ValRS and MetRS are grouped
close to each other. Similarly, the GIuRS and GInRS, the TyrRS and TrpRS
form two individual groups. This observation is consistent with the detailed
classi cation of class | aaRSs[5]. Yet, a closer look brings more questions. For
example, the ValRS groups within two lleRSs, which should form a monophyletic
group by themselves. Also, you should notice that many of the branch points
lie below 10% sequence identity (0.05 on the dendrogram). These branch points
are unreliable as discussed above. To resolve these problems, we are going to
build a structure based phylogenetic tree.
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2.4.2 Structural metrics look further back in time

In order to reliably compare such distantly related proteins, we need a metric
that is based on a property of the protein that is more highly conserved through
evolutionary time. As structure has been shown to be more conserved than se-
quence, a structural metric ts this description. MultiSeq supports using Qn
and RMSD between aligned proteins to construct structural phylogenetic trees.
Qu is detailed in the paper titled Evolutionary pro les derived from the QR
factorization of multiple structural alignments gives and economy of informa-
tion located in the tutorial distribution at:

TUTORIAL_DIR/papers/odonoghue_JMB_2005.pdf

Generate a @ structural phylogenetic tree of the aaRSs by performing the
following:

1. Select theTools! Phylogenetic Treemenu option.

2. In the Create Phylogenetic Tree dialog select theAll Sequencesadio but-
ton.

3. Make sure only theStructural tree using QHcheckbox is checked and press
the OK button.

MultiSeq calculates and displays the @ tree for the selected structural regions.
Comparing this tree (shown in Figure 11) to the sequence tree generated ear-
lier, the structure based tree retains most of the correct features within a given
speci city. The structure based tree also makes some improvements on the phy-
logenetic relationship. For example, in the structure based tree, two lleRSs are
grouped within a monophyletic group. You may also notice how the branch
points are much more evenly spaced, not bunched together on the left of the
tree. This indicates that the phylogenetic history is recorded in the structures,
and it is elucidated when using the structural tree. However, the evolutionary
relationship between TrpRS and TyrRS is still not well resolved. To overcome
that problem, we need to compare the full length TrpRS and TyrRS®.

Our current tree is slightly di erent from the one we showed in the MMBR
paper (page 561), since we are using di erent structure sets. As you can see,
the old dataset contains fewer structures. Our current one is more balanced,
less redundant, also has more representatives from the speci cities/domains of
life that were not resolved earlier.

3That is how we solve the problem in the MMBR paper.
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