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VMD/MultiSeq - “A Tool to Think”
Carl Woese - “VMD is far from a simple visualization tool for a biologist, it is
a true thinking tool.   Without it a whole class of biological hypotheses would
simply not exist.”

UPT - Woese 16S rRNA

LSU (23S rRNA + rproteins)
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Evolution of Protein (RNA) Folding, Structure, & Function 



Evolution of Translational Machinery

AspRS-tRNAAsp
Proteins/RNA
RibosometRNACys-EF-TU

SepRS/CysRS Evolutionary History
Sethi, O’Donoghue, ZLS, PNAS 2005
O’Donoghue, Sethi, Woese, ZLS,
 PNAS 2005, Sethi, et al. Dynamics of
Allosteric Network, PNAS 09

Molecular Signatures of
Ribosomal Evolution,
PNAS 2008, Roberts,
Sethi, Woese, ZLSDynamical Recognition EF-Tu:tRNA-

Novel Amino Acids
Eargle et al., JMB 2008



Universal Phylogenetic Tree
three domains of life

for review see Woese PNAS 2000

Archaea
Eucarya

Bacteria

Leucyl-tRNA synthetase displays the 
full canonical phylogenetic distribution.

Woese, Olsen, Ibba, Soll MMBR 2000

Based on 16S rRNA



After W. Doolittle, modified by G. Olsen 
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increasing inter-domain of life Horizontal Gene Transfer

Phylogenetic Distributions

“HGT erodes the historical trace, but does not 
completely erase it….” G. Olsen



MultiSeq in VMD
Evolutionary Approach to

Bioinformatics

Catalytic Core
of Class II AARS

DNK Subclass Modern Bacterial
AspRS

Evolution of the Translation Machinery

UPT (Carl Woese, 2000)



QH Structural Homology
fraction of native contacts for aligned residues +
presence and perturbation of gaps

Protein Structure Similarity Measure
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O’Donoghue & Luthey-Schulten  MMBR 2003.
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Structural Similarity Measure
the effect of insertions

“Gaps should count as a character but not dominate” C. Woese



Protein structure encodes evolutionary information

JMB 2005
MMBR 2003



Protein structure reveals distant evolutionary events
Class II AARSsClass I AARSs



Sequences define more recent evolutionary events

QH = 0.80
Sequence identity = 1.00 

QH = 0.89
Sequence identity = 0.69

ThrRS
T-AMP analog, 1.55 A.
T, 2.00 A.

ProRS
M. jannaschii, 2.55 A.
M. thermoautotrophicus, 3.20 A.

Conformational changes 
in the same protein.

Structures for two
 different species.



The Relationship Between Sequence & Structure

sequence 
identity > 20%

The sequence signal degrades rapidly.
sequence identity < 10%

Structural superposition of AlaRS & AspRS. 
    Sequence id = 0.055, QH= 0.48

O’Donoghue & Luthey-Schulten (2003) MMBR 67: 550–73.
Structural alignment & visualization software MultiSeq/VMD

AspRSAlaRS



Multidimensional QR 
factorization

of alignment matrix, A.

Non-redundant Representative Sets

P. O’Donoghue and Z. Luthey-Schulten (2003) MMBR 67:550-571.

P. O’Donoghue and Z. Luthey-Schulten (2005) J. Mol. Biol., 346, 875-894.

Too much information
129 Structures

Economy of information
16 representatives

QR computes a set of maximal linearly independent structures.



Numerical Encoding of Proteins in a Multiple Alignment

Sequence Space
Orthogonal Encoding = 24-space

23 amino acids  (20 + B, X, Z) + gap

A = (1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0)
B = (0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0)
C = (0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0)
…
GAP = (0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1)

Aligned position

Gapped position

Gap Scaling 

Encoding Structure
Rotated Cartesian + Gap = 4-space

A=

d=1
d=2

d=3

d=N

encoded residue 
space

n proteins

m aligned 
positions

Alignment is a Matrix with Linearly Dependent Columns

adjustable
parameter

A maximal linearly independent subset can be determined with 
respect to a threshold, e.g., similarity measure threshold.



 Class I AARSs
evolutionary events

5 Subclasses

Specificity – 11 Amino acids

Domain of life A,B,E 



 Profile of the ILMV Subclass

How many sequences are needed to 
represent the Subclass ILMV?

If each of ILMV was full canonical, 
then we would need 4x3=12 sequences.

Since M and V are basal, we need
at least 2x3 + 2x2 = 10 sequences.

We have 6 structures.



Evolutionary Profiles for Homology Recognition
AARS Subclass ILMV

A. Sethi, P. O’Donoghue, Z. Luthey-Schulten (2005) JMB, PNAS 

The composition of the profile matters.
Choosing the right 10 sequence makes all the difference.

false positives



Evolution of Structure and Function in AspRS

i) class II

ii) subclass IIB

iii) AspRS iv) bacterial
     AspRS

v) E. coli 
   AspRS

bacterial insert
domain

anticodon 
binding (ACB) 

domain



             Structural Profiles

1.Structure more conserved than
    sequences!!! Similar structures at
    the Family and Superfamily levels.
        Add more structural information

2.Which structures and sequences to
    include? Use evolution and eliminate
     redundancy with QR factorization



Structural Domains



Profile - Multiple Structural
Alignments

Representative Profile of AARS Family
                            Catalytic Domain



STAMP - Multiple Structural Alignments
1.  Initial Alignment Inputs
• Multiple Sequence alignment
• Ridged Body “Scan”

2. Refine Initial Alignment & Produce Multiple Structural
Alignment

R. Russell, G. Barton (1992) Proteins 14: 309.

•Dynamic Programming (Smith-Waterman) through P matrix gives optimal set of equivalent residues.
•This set is used to re-superpose the two chains. Then iterate until alignment score is unchanged.
•This procedure is performed for all pairs.



Multiple Structural Alignments

STAMP – cont’d
2. Refine Initial Alignment & Produce Multiple Structural Alignment

Alignment score:

Multiple Alignment:
•Create a dendrogram using the alignment score.
•Successively align groups of proteins (from branch tips to root).
•When 2 or more sequences are in a group, 
  then average coordinates are used.



J. Eargle, D. Wright, Z. Luthey-Schulten, Bioinformatics, 22:504 (2006)
E. Roberts, J. Eargle, D. Wright, Z. Luthey-Schulten, BMC Bioinformatics, 7:382 (2006)

 Tools in MultiSeq

RNA 2nd Structure
Covariation analysis

RNA ontology

Tutorials
MultiSeq/AARS

Release scripts
for MultiSeq

cluster analysis

Sequence /
Structure

Alignment

Protein / RNA
Sequence Data

QR non-redundant
seq / str sets

Metadata Information,
Clustal &

Phylogenetic Trees

Sequence Editor

Blast & PsiBlast

Cluster analysis
/ Bioinformatics

scripting
Incorporate

genomic content

Entire SwissProt DB,
100,000+ RNA seqs

RNA Secondary
Structure

EF-Tu/Ribosome

 Planned



What is MultiSeq?
• MultiSeq is an extension to VMD that provides an

environment to combine sequence and structure data
• A platform for performing bioinformatics analyses within

the framework of evolution
• Provides software for improving the signal-to-noise ratio

in an evolutionary analysis by eliminating redundancy
(StructQR, SeqQR, Evolutionary Profiles “EP”)

• Visualizes computationally derived metrics (Qres, QH,..) or
imported experimental properties

•  Integrates popular bioinformatics tools
making them easier to use and reducing
the barrier to performing bioinformatics
analysis (ClustalW, STAMP, BLAST)



MultiSeq Combines Sequence and Structure
• Align  sequences or structures; manually edit alignments
• View data colored by numerous metrics including structural

conservation and sequence similarity
• Synchronized coloring between 1D and 3D views



BLAST DB Searching
• Import sequence data directly from BLAST databases
• Search using a single sequence or an EP profile
• Filter results based on taxonomy or redundancy (QR)



Sequence 1: a1 a2 a3 -  -  a4 a5…an
Sequence 2: c1  -  c2 c3 c4 c5 - …cm

Protein sequence alignment
How do I align two similar, but different sequences

There exist web accessible tools, e.g., BLAST search: http://www.ncbi.nlm.nih.gov/



Scroll down to the sequence:



Final Result: Sequence Alignment

Search method returns approximate alignments - needing refinement



Flexible Grouping of Data
• Automatically group data by taxonomic classification to

assist in evolutionary analysis (HGT) or create custom groups
• Apply metrics to groups independently, e.g bacterial signal



MultiSeq: Display and Edit Metadata

• External databases are cross-
referenced to display metadata
such as taxonomic information
and enzymatic function

• Changes to metadata are
preserved for future sessions

• Electronic Notebook: Notes
and annotations about a
specific sequence or structure
can be added



MultiSeq Tutorials


