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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.”
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Why Look at More Than One Sequence?

1. Multiple Sequence Alignment shows patterns of conservation

Sequence Name 800 810
SYN_THEAC BEA 357

SYNC_CAEEL HEA 473
SYNC_MOUSE @A 475
SYNC_DEBHA  HEHE 480
SYNC_YEAST HH 482
SYNC_HUMAN HEE 476
SYK2_ METMA HEHE 433
SYK_HUMAN HEA 499
SYK2_METAC BHA 432
SYK_MOUSE HE 497
SYK_CRIGR HE 499
SYK_ORYSA HE 524

2. Are these positions functionally important? Active sites, folding,..
3. What and how many sequences should be included?

4. Where do | find the sequences and structures for MS alignment?

5. How to generate pairwise and multiple sequence alignments?



Protein (RNA) Folding, Structure, & Function
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New Tools in VMD/MultiSegq

Protein / RNA
Sequence Data

SwissProt DB (400K),
Greengenes RNA (100K

Signatures, Zoom

Metadata Information,
Clustal, MAFFT &
Phylogenetic Trees

RAXml Trees,
Genomic Content,
Temperature DB

Blast & PsiBlast

Sequence Editor

View structural data colored by structural conservation and
sequence data colored by sequence identity
= ) =

Synchronization between
1D and 3D views

%

L

Group data by taxonomic classification

View sequence or structure phylogenies and
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= )

£ Sequence Editor: Manually adjust
alignments or sequences

Sequence /Structure
Alignment

Protein

QR non-redundant
seq / str sets

Cluster
analysis /
Bioinformatics
scripting
Tutorials MultiSeq/
AARS
EF-Tu/Ribosome

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)



Protein:RNA Complexes in Translation
Evolutionary Analysis & Dynamics

r-Proteins/r-RNA
“signardIDOSOME LY, -

PNAS 2008, BMC 2009, BJ 2010
“Motion L1 Stalk:tRNA” JMB 2010,
“Ribosome Biogenesis” JPC 2012,3
“Whole cell simulations on GPUs “

“Evolution AARS Stxugture” MMBR 2003
“Evol. Profiles Class I&Il AARS” JMB 2005
“Evolution SepRS/CysRS” PNAS 2005

IEEE 2009,Plos CB 2011,PRL2011,
“Dynamic Signaling Network”™ PNAS 2009 JCC 2013. PNAS 2013
“Exit Strategy Charged tRNA” JMB 2010 “Dynamical Recognition & tRNA ’ ’

. PRL 2013, CSB 2013
“MistranSl. in M/COplasma ” PNAS 2011 Dynamlcs JMB 2008,FEBS 2010 2014
- Network Viewer, Bioinf., JCTC 2012 Nature
“Capture & Selection of ATP”JACS 2013 ) >



Basic principles of evolutionary
analysis for proteins & RNAs

Comparative analysis of sequences and structures
*Multiple sequence alignments (gaps and editing)
*Sequence and structure phylogenetic trees™
*Reference to 16S rRNA tree

*Horizontal or lateral gene transfer events
*Genomic context

Evolutionary profiles representing diversity
*Conservation analysis of evolutionary profiles

*Various models of evolutionary change



Alignment of ~200 EF-Tu sequences in VMD/MultiSeq

aXaXa)

“G” scattered around gaps
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* MAFFT v7.221, Katoh and Standley, Mol.Biol and Evol. 2015



Sequence Alignment & Dynamic Programming

number of possible alignments:
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Needleman-Wunsch alignment algorithm

H(i-1, j=1)+58Ta(i),b())]

H(’a]) =M4X{ H(ls.l—k)_W(k)a

Score Matrix H: Traceback

gap penalty W=-6
A. Krogh, and G. Mitchison, Cambridge U. P.London, 1998;

Models of Proteins and Nucleic Acids” R. Durbin, S. Eddy,
pp. 19-22 (see also other sections)

Reference: “Biological Sequence Analysis - Probabilistic
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Needleman-Wunsch Global Alignment

Similarity Values Initialization of Gap Penalties

http://genome.dkfz-heidelberg.de/husar/fileadmin/handouts/02pairwise_method.pdf




Filling out the Score Matrix H




Traceback and Alignment

M G K P
The Alignment
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STAMP - Multiple Structural Alignments

1. Initial Alignment Inputs
e  Multiple Sequence alignment

« Ridged Body “Scan”
« Pairwise Alignments and Hierarchical Clustering

2. Refine Initial Alignment & Produce Multiple Structural Alignment

—dfj /2E, e—sizj /2E,

P.. =

3
probability thatresidue ion stucture A is equivalentto residue jon structure B .

d.. —distancebetween 1& j

s

Sij —oonfom ational sim ilarity; finction of m sbew teen 1,1, #+1 and H, J, 3+1.

*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 with no gap penalty

R. Russell, G. Barton (1992) Proteins 14: 309 R.B. Russel, T. Walsh, G. Barton, STAMP version 4.4: User Guide, 2010.



Multiple Structural Alignments

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

Alignment score: . - S, L,—-i L -1
L, I, L
S,= > B
aln.path

Lp 'LA ’LB — ength of alignm ent, sequence A , sequence B

jA ’jB —lengthofgaps in A andB.

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.



Structural Overlaps - STAMP

Ribosome large subunit showing ribosomal proteins L2 and L3
180,000 atoms in 4 rRNAs and 58 proteins

Sequence Name E cal arig I’R artia
23S rRNA

O 2awd B BEa o

O 1s72.0 BEE oo
5S rRNA

2awd_A BEa -

1s72_9 oEa

Ribosomal Protein L2

O 2awd C omEE | . . . % .|?
O 1s72 A oEaE o R L

Ribosomal Protein L3

0O 2aw4 D oEa FR . . . . . . . . . .. v A"

O 1s72_B v [r |1 S L . v R




Universal Phylogenetic Tree

3 domains of life

Bacteria Archaea Eucarya

Animals

Fungi

’ Euryarchaeota olants

Crenarchaeota

Reference 16S rRNA tree

For review see Woese PNAS 2000

- Archaea

M. pneumoniae L
C. acetobutylicum L
D. radiodurans L .
T. maritima L B t
A. aeolicus L aC erla

Synechocystis sp. PCC 6803 L

20 changes H. influenza: e L

Leucyl-tRNA synthetase displays the
full canonical phylogenetic distribution.

Woese, Olsen, Ibba, Soll MMBR 2000



Look for horizontal gene transfer events
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Phylogenetic Distributions

Full Canonical

Basal Canonical Non-canonical

M. jannaschii V
M. thermoautotrophicum V

A. aeolicus L

Synechocystis sp. PCC 6803 L
H. pylorii L

R. prowazekii L

R. capsulatus L

B. pertussis L

20 changes

C. trachomatis V
E.coli V

H. influenzae V

P. aeruginosa V

N. gonomhoeae V

B. pertussis V

\ T 20changes

M. pneumoniae S

H. pylori S

[_—_ T thermophilus S
A. fulgidus V D. radiodurans S
i P. horikoshii  V dkuigidus SP o .
| : aerophilum
R prowezeldli (V. P. horikoshii S
P. aerophilum V i
P. gingivalis 'V
C. tepidum V S. cer €
B. burgdorferi V B. burgdorferi S
A f T. palidum V T. palidum S
S. pyogenes L T. maritima  V
E. faecalis L H. pylori V
B. subtils L M. tuberculosis S
A. aeolicus V S. coelicolor S
C. tepidum L S. pyogenes V
M. tuberculosis L E. faccals V C. trachomatis S
o cal C. acetobutylicum S$1
pallidum L L.casei V C. tepidum S
P. gingivalis L B. subtilis 'V P. gingivalis S
B. burgdorferi L C. acetobutylicum V H. marismortui S
C. trachomatis L M. genitalium V B. subtils S
M. genitalium L M. pneumoniae V C. acetobutylicum S2
M. pneumoniae L D. radiodurans V S. pyogenes S
C. acetobutylicum L T. thermophilus  V E. ?ecahs SS
aureus
D. radiodurans L Synechocystis sp. PCC 6803 V p—
i M. genitalium S
T. maritima L M. tub [ A

Synechocystis sp. PCC 6803. S

A. aeolicus S
T. maritima S
C. crescentus S

R capsulatus S

H. influenzae S
B. pertussis S
N. gonorhoeae S

A 4

increasing inter-domain of life Horizontal Gene Transfer

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

R. prowazekii S
N. gonorrhoeae L C. crescentus V C. bumetii S
P. aeruginosa L 2 0] P. aeruginosa S
E.coli L E.coli S
20 changes H. influenzae L

Woese, Olsen, Ibba, Soll MMBR 2000



Protein Structure Similarity Measure

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

QH = N [Qaln + QQap]

i 2

_ Z (T3 — Tar41)
Qaln — €Xp | — 2
= 207,
1<j—2 . 1]

O’Donoghue & Luthey-Schulten MMBR 2003.



Structural Similarity Measure:
The effect of insertions

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

0 0.2 0.4 o 0.6 0.8 1 gb j

AARS Class |
0.1 T . - .
— Q
0.08 Qy N 9 - 9
aln (
Ta. i — Tqal 4/ Ta i — Tattq!
_ 9al 9aJ ) ( 9aJ 927 )
normalized 0-06 Qgap = E : E :ma,x {exp [ 20_2 ’ y €XP 20_2 '
frequency ga J Gad i | GaJ
0.04
27 B 2
. Nain P . R .
0.02 l (’T’ng ’I"gl/)J/) (Tgbj Tgl/)/J/)
o , i —|—E E max { exp | — ,€Xp | —



Structure encodes

sequence-based phylogeny

Euryarchaeota
Crenarchaeota Thermoprotei
Deinococcus-Thermus 2%
Metazoa/Fungi
Euryarchaeota Halobacteria
AsnRS

Da

Firmicutes Mollicutes
Deinococcus-Thermus 1

Db

Firmicutes Bacilli
Firmicutes Clostridia
Bacteroidetes
v-Proteobacteria
B-Proteobacteria
Cyanobacteria
e-Proteobacteria

Chlamydiae
Thermotogae
Aquificae

Woese et al
MMBR 2000

Spirochaetes
Actinobacteria

Chlorobi
o-Proteobacteria

20 ch:lges

N

-

Da - AspRS archaeal genre

archaeal helix
extensions, insertion

evolutionary information!

structure-based phylogeny

Euryarchaeota P.kodakaraensis d1b8aa2
T.thermophilus d1n9wb2*
Deinococcus-Thermus 2*

Metazoa/Fungi

Da
S.cerevisiae d1asza2
AsnRS T.thermophilus d11sca2
Deinococcus-Thermus 1
Db T.thermophilus d1efwa3
Y-Proteobacteria
_— E.coli d1cOaa3
0Qu=0.10 JMB 2005
MMBR 2003

Db - AspRS bacterial genre



Structure reveals distant evolutionary events

Class I AARSs

structure-based phylogenetics

<

Class I Lysyl-tRNA Synthetase

1 1
0.4 0.5

. . 0.
Qy (structural homology)

e}

Class II AARSs

__ structure-based phylogenetics

Class II Lysyl-tRNlA Synthetase

1 1 1 1
0.4 0.5 . 0.7 0.
Q (structural homology)




Conformational changes
in the same protein.

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

Qy =0.80
Sequence identity = 1.00

Structures for two
different species.

ProRS
M. jannaschii, 2.55 A.

M. thermoautotrophicus

Qy=0.89
Sequence identity = 0.69



Relationship Between Sequence & Structure

. Bacteria Archaea Eucarya
Bacteria Archaea Eucarya

Bacteria Archaea Eucarya
Bacteria Archaea Eucarya
L AlaRS AspRS
sequence

identity > 20%

The sequence signal degrades rapidly. v
sequence identity < 10%

54
©

o
)

o
o i

o
3

°
o

©
3

o
~
T

o
w

Q (structural similarity)

Structural superposition of AlaRS & AspRS. 02 ° igg CiaSS il
o class
O Sequence id = 0.055, Q,;= 0.48 o
° 0 0I.1 6.2 0I.3 0I.4 6.5 OI.6 OI.7 6.8 0I.9 1

O’Donoghue & Luthey-Schulten (2003) MMBR 67: 550-73.

Structural alignment & visualization software MultiSeq/VMD sequence identity



Non-redundant Representative Profiles

Too much information Economy of information
129 Structures 16 representatives
L - . i
Multidimensional QR | e
factorization e
of alignment matrix, 4. I—
— Cien
> |
d=4
} G
A = Y

gk

aln” —>

proteins

QR computes a set of maximal linearly independent structures.
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.



Numerical Encoding of Proteins in a Multiple
Alignment

Encoding Structure Sequence Space
Rotated Cartesian + Gap = 4-space Orthogonal Encoding = 24-space
Ahgned pOSitiOIl (:EC:; yYCu s 2Ca s O) 23 amino acids (20 + B, X, Z) + gap

o (0 0 0 ) A= (190’090709070907090709070907090709070907090’090)
Gapped position »UrUs g 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,,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0)

Gap Scaling g=r IXIIF + [YlF, + 1| 2] F, GAP=(0.0000.000000000000000000.1)
1G] 7,
adjustable
parameter

Alignment 1s a Matrix with Linearly Dependent Columns

. 7’ P 4 d =4
_ 7 < ’ 7 z - - d:N
A= . T r| d=I ~
| //, QI‘JIA‘;'.'AP = Qh'.‘l Y P =R,'-H
m aligned l =2d=3 encoded residue l X
positions —1 space M ain -
— n;.'.rr.v!cms
n proteins

A maximal linearly independent subset can be determined with
respect to a threshold, e.g., similarity measure threshold.
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of Structure and Function in AspRS

SCOP QR order
d1b70a_ (1)

diserb2 (3)
dlh4sb2 6
dibbua2 4 2)
dib8ab2 9 5 4

din9wb2 10 7 6

dlasza2 5 @ 3
diisca2 7 4 (2
dlefwa3 8 6 5
dicoaa3 ) (D)




Summary Structural Evolutionary Profiles

1.Structures often more conserved
than sequences!! Similar structures at

the Family and Superfamily levels.

Add more structural information to identify core
and variable regions

2.Which structures and sequences to

include? Use evolution and eliminate
redundancy with QR factorization



New Tools in VMD/MultiSegq

Protein / RNA
Sequence Data

SwissProt DB (400K),
Greengenes RNA (100K

Signatures, Zoom

Metadata Information,

Clustal &
Phylogenetic Trees

RAXml Trees,
Genomic Content,
Temperature DB

Blast & PsiBlast

Sequence Editor

View structural data colored by structural conservation and
sequence data colored by sequence identity
= ) =

Synchronization between
1D and 3D views

%

L

Group data by taxonomic classification

View sequence or structure phylogenies and

Archaea:Euryarchaeota

T O £
Eukaryota:Fungi
O (sRDSDRTG Q
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|00 SYDC_YEAST Bl "|sSsRDSDRTGAaQ
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[0 svo_caeeL B /|G LVNSKEKKVYLNEFLEKYV
[DsoHMAN BB s M 1 QS QEKPDRVLVRYV
[OswomousE  mm |sM 1 QSQEKPDRVLVRAV
‘Archaea:Crenarcha
O svo_AerPE | | . . .. .MLKDR

Dswovema @B | . . M s LA
O svo_hALNT m |

[ svo_THEAC
O svo_PyRHO
Bacteria:Proteobacteria

i
v;A 1
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[= = < T I M
| |

eliminate redundancy with QR

= )

| | Sequence Editor: Manually adjust
alignments or sequences
ile Edit_ Wed [ Search 18l Tools 8l [ Options
] Emule[dmnq O v off 'J'
Gaps Onl

Sequence /Structure
Alignment

Protein

QR non-redundant
seq / str sets

Cluster
analysis /
Bioinformatics
scripting
Tutorials MultiSeq/
AARS
EF-Tu/Ribosome

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)



MultiSeq Combines Sequence and
Structure

« Align sequences or structures; manually edit alignments

e View data colored by numerous metrics including structural
conservation and sequence similarity

» Synchronized coloring between 1D and 3D views

[Sequence Name 20 50
tRNA

IO tasy R 629'

|0 1c0a B 630}

I Structures

[0 1bsa A 1

(O 1iow_A
In tasy_A

Variation [O 1A

M O 1tnow_A

in structures |22
ID 1eov_A
(O tefw A
In 1c0a_A
I Sequences
|o syp1_stRMU
[0 svp2 sTRMU
[O svoc_veast

Variation [O svom_veasT
in sequences [B SR

|O syp_AcrTs
[O svp_anasp
|0 syp_aquae
|O syp_aARcru
[O svp_Bacan
|O svp_saccr
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Load large sequence sets™

Swiss-Prot (Proteins) Greengenes (RNA)*

Curated sequences Environmental 16S rRNA
392,667 sequences 90,654 entries

Unaligned Aligned (7682 positions)
177 MB on disk 670 MB on disk

2 minutes to load 2.5 minutes to load *

2.4 GB memory used 4.0 GB memory used”

*’Signatures of ribosomal evolution” with Carl Woese, PNAS (2008)
*Release May 2013 contains 1.2 million sequences — Memory??



Sequence editor

e New sequence API allows editing of large alignments. Align closely related
sequences by group, combine groups, and then manually correct.

e Zoom window gives an overview of the alignment, quickly move the editing
window to any part of the alignment.

8O ® s4_sequences.multiseq
['File ’-6-‘ [ Edit H?-‘ [ Search ‘-6-‘ [Tools ‘-é-‘ ( Options H?-‘ [ View D-H Help Q‘ l
Sequence Name 50 60 70 90 10 ~
[ 94987423 . . . A KY NDAEKIERIL EG . T .REF TD . 660 SequenCeS
[] 108758664 B .. ARY TASAICR I E N . R E Y TD . .
L] 77218341 ! . ARY TGP YR L E T . .RE Y ToD o Of r|bosoma|
[ 118579144 - (S NONS) Zoom Window . IR ¥ T D . U .
[ 162456220 — .rlelv s E o t S4 f
[] 116749016 I I . R ¥ S D .o pro eln rOm
[ 85858172 - . R Y GE
RE 3 Cmlels s ¢ all Complete
[ 116624175 - . B H S E .
[ 154249730 . R FSE bactenal
[ 160902229 . R S Y TE S
[] 150020872 . B FTD *
[] 170289156 | I . |8 ¥ T D genOmeS .
[] 157363469 “ N
[ 15644222 § | .RIE Y TOD
[ 148270449 R ¥ T D
[ 117924179 - K ¥ $ D
c{1) |.
[ 187476572 E A R RS LDS ey .
[ 23599049 - A RRSLDS ey .
[] 33594777 E - A RRSLDS ey .
[] 33594506 - A RRSLDS ey .
[ 163859246 - | 4 RRSLDS Gl .
[ 34499616 - 4 R R ALDS Y .
[ 59802136 - A RRSLDS Gy .
] 161870895 E I A R RS LDS ey .
[ 121634041 E J*RR s LDS ey .
[ 15676094 E I | ’ | alarRRS LD S ey .
[] 15793132 E v|JARRSLDS ey .
[] 72064942 - ARPRSLATD ey .
[] 172059366 - 1 ARRSLAD Y
[ 107024273 - ] ARRSLAD Y .
[ 116688397 - 10-8-6-42024 6 810 ARRSLAD Y .
[ 170731707 E 4 R RS L AD ey .
[ 115350347 E ARRSLAD ey .
[ 53723829 il ARRSLAD ey .
[] 124384949 -1 ARRSLATD ey . )
[] 126448993 -1 ARRSLAD ey . r3
( T4

* K. Chen, E. Roberts, Z Luthey-Schulten (2009) BMC Bioinformatics
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Phylogenetic tree editor

e Automatically add annotations and colors to phylogenetic trees
based on taxonomy, enzyme, temperature class, and/or MultiSeq

groupings.

641747854
19704619
638396767

100
54

70 —= 4082970
88{ ansxzss
4084069

42524500
162451363
100 30250077
00991775227
91775371
1001 86606184
86608572
—= 22297691
1009 81300296
_§56752482

54Ei3866226

41l=78185157

100 98| 38l148238927
—

53

Maximum likelihood tree of 660
S4 sequences reconstructed

2l a 113952789

W 78212331

—= 148241720

100 [k5 = 159902949
33239861
123965706
78778790
157412822
123967997
126695767
33860967

a4l

using RAxXML.

Leaf Colors
. Fusobacteria
[]chlamydiae

. Spirochaetes

|:| Chlorobi

[Z] Thermotogae

Background Colors
Ec-aviin - [c-0vi_out []c-v_out []c-am
CJc-m

- Proteobacteria - Cyanobacteria
[]Pianctomycetes
|:| Verrucomicrobia

- Acidobacteria

\—

A cluster of five
proteobacterial
sequences branch
near the
cyanobacterial
sequences. These
are cases of
horizontal gene
transfer.

Elijah Roberts 2009



Scripting MultiSeq
All MultiSeq functions can be scripted.

Scripting an analysis provides benefits:

— It can be checked for correctness.

— It can be quickly repeated by anyone.

— It can be modified later with new functionality.

— It can be run on a cluster in VMD text mode.
(if it can be easily broken into independent
chunks)

Many functions are too user specific and/or
too complex to be turned into a GUI.

Some examples of MultiSeq scripts...




Location
3437638.
3438062.
3439077.
3439731.
3440137.
3440640.
3440788.
3442127.
3442565.
3442748.

evolutionarily meaningful manner.

.3438021
.3439051
.3439697
.3440120
.3440493
.3440756
.3442119
.3442561
.3442744
.3443251

127
329
206
129
118
38

443
144
59

167

Genome content

e When using sequence from fully sequenced genomes,
additional information is available in the genome content.

e Conservation of gene ordering, neighbors, or intergenic
regions can provide additional evolutionary information
not contained in the sequence.

e Gene names and ordering can be obtained from the
genome PTT files, want to organize the information in an

Strand Length PID

16131173
16131174
16131175
16131176
16131177
16131178
16131179
16131180
16131181
16131182

Gene
rplQ
rpoA
rpsD
rpskK
rpsM
rpmJ
secY
rplo
rpmD
rpsE

Synonym

b3294
b3295
b3296
b3297
b3298
b3299
b3300
b3301
b3302
b3303

Code COG
C0G0203J
COG0202K
C0G0522J
COGO0100J
COG0099J
C0G0257J0
C0G0201U
C0G0200J
C0OG1841J
Cc0G0098J

Product
50S ribosomal subunit protein L17
RNA polymerase, alpha subunit
30S ribosomal subunit protein S4 <$::::::]
30S ribosomal subunit protein S11
30S ribosomal subunit protein S13
50S ribosomal subunit protein L36
preprotein translocase membrane subunit
50S ribosomal subunit protein L15

50S ribosomal subunit protein L30
30S ribosomal subunit protein S5



Combined genomic context/phylogenetic tree

e Use a script to walk through a phylogenetic tree,
find the genome content near the source gene,

create a graphical representation of the
combined data.

proc draw_genome_ context of phylogeny {args} {

# Load the sequences.
set alignment [::SegData::Fasta::loadSequences $alignmentFilename]

# Load the tree
set tree [::PhyloTree::Newick::loadTreeFile $treeFilename]

# Reorder the alignment by the tree.
set treeAlignment {}
set leafNodes [::PhyloTree::Data::getLeafNodes S$tree]
foreach node $leafNodes {
set foundNode 0
set nodeName [::PhyloTree::Data::getNodeName $tree $node]
foreach sequence $alignment {
if {$nodeName == [::SegData::getName S$sequence]} {
lappend treeAlignment $sequence
set foundNode 1
break

}

# Draw the genomic context.
drawGenomicContextOfAlignment S$outputFilename S$treeAlignment $contextDistance $scaling $genomeDirectory



Combined genomic context/phylogenetic tree

proc drawGenomicContextOfAlignment {outputFilename alignment contextDistance scaling genomeDirectory} {
foreach sequence $alignment {

# Make sure we have the GI number for this sequence.
set giNumber [::SegData::getSourceData $sequence "gi"]

# Make sure we can tell which genome this sequence is from.
set taxonomy [join [::SegData::getLineage $sequence 1 0 1] ","]
if {![info exists genomeTaxonomyMap ($taxonomy)]} {

error "ERROR) Unknown genome for segquence [::SegData::getMName S$sequence]: $taxonomy

# Go through each of the genome context files for the genome.
set foundGene 0
foreach genomeName $genomeTaxonomyMap(Staxonomy) {

# Draw the genomic context.
drawMultipleGenomicContext $outputFilename $alignment $geneFiles $genePositions $geneStrands $contextDistance

}
Betaproteobacteria, Thiobacillus denitrificans ATCC 25259 [ +psE frpnf + ] +secY frinfAl [+psM[ +- ] +psD ] 4 | e 11 +- | [ - |
100p=Betaproteobacteria, Azoarcus sp. BH72 [_-rpsE  frpmp -rpi0 | -secY finfAJprd -rpsM | -rpsk [ -rpsD | -TpoA [-pia | | -galE2 [+« 1] +uvrA2 |
67 Betaproteobacteria, Azoarcus sp. EbN1 [_+rpsE_frpn] +rpi0 || +secY | +tph[ +rpsM] +rpsk [ +rpsD | +IPOA L+pia ] | +galE | [ + [
Betaproteobacteria, Dechloromonas aromatica RCB [ +rpsE frpn] +rpi0 || +secY JrintAl £ ] [+mpsM[_+- | +rpsD || +- [+ 11 - || |
100 Betaproteobacteria, Nitrosospira multiformis ATCC 25196 [ +mpsE [ [ + +secY kit  [+rpsM][ +- | +mpsD || +- [+ 1 [+ T+ 1 - \
100f=Betaproteobacteria, Nitrosomonas eutropha C91 [opsE |- [ + ] +secY JrintAl - [+rpsm][ +- [ +psD ] + [+ ] [~ [ - ] [+smpB] |
_rBetaproteobacteria, Nitrosomonas europaea ATCC 19718 [ +rpsE frpnf + ] +secY finfAl  [+rpsM][ +rpsk | +rpsD ] +1POA [+ ] [« [ - | [+smpB] +- |
100]Gammaproteobatteria, Psychrobacter arcticus 273-  [_+rpsE_Jtrpn{ +rpl0 | +secY oy [Cerpsm][+rpsk ] [ +rpsD ] [ +POA 4] [ - |
Gammaproteoba&eria, Psychrobacter cryohalolentis K [_+rpsE_Jfrpn] +rpl0_][ +secY Hphy  [erpsM][ += ][ +psD ] [ +- [[+pi@] [ - ]
100 Gammaproteobacteria, Psychrobacter sp. PRwf-1 [C+rpsE Jfrpn{ +rpi0 | +secY ] [+psM][ +- ] [ _+psD || + [ +rpiQ ] [ - | [ -
Gammaproteobacteria, Acinetobacter sp. ADP1 fpiR_-rpsE_Jrpmp -pi0 | -secY fprdu [ -rpsM | -rpsk | -rpsD | -rpoA [p@ ] |
Gammaproteobacteria, Acinetobacter baumannii SDF frpi +rpsE_frpn| +pi0 | +secY o[ +rpsM][ +rpsK | +rpsD || +rpoA [+pQ ] | +-
Gammaproteobacteria, Acinetobacter baumannii AYE o +rpsE Jrpn| +rplo +secY Hrpthd[ +rpsM][ +rpsK || +rpsD | +IpoA [+p@] | -
[

Gammaproteobacteria, Acinetobacter baumannii ACICU o +rpsE Jrpn| +rplo +secY Arpthd[ +rpsM][ +rpsK || +rpsD | +poA [+pi@] | +-




Genome content future directions

Genome content
still a work in

progress.

Good candidate
for a GUI:
combined
phylogenetic tree/
genome content
viewer.

Can also use

COG codes to
color by gene
function.

Still need API for

manipulating PTT [0 CT 1T ]

infA S13 S11 S4

files.

Roberts, Chen, ZLS,
BMC Evol. Bio. 2009

See also ITEP for microbial

genomes, Benedict et al.
BMC Genomics 2014

A) a-operon Organization

Consensus

infA S13S11  S4 rpoA  L17
L36

| DI 9-Proteobacteria

136513511 S4 oA Li7 & Magnetococcus

B) Corresponding a-operon for comparison

Acholeplasma laidlawii (MOL)

infA S13S11  rpoA L17

L36
DDDD - D Bacillus subtilis (BCL)
infA S13 S11 TPOA  L17

L36

DDESD Borrelia garinii (SPR)

L36S13 S11  rpoA  L17

[ ] . |

S13 S11 rpoA L17

[

S13 S11 TPOA  L17

[ -

S13 S11 rpoA L17

Chlamydophila felis (CHL)

Microcystis aeruginosa (CYN)

Rickettsia akari (ALP)

[ ] I ]

S13S11 rpoA  L17S20

Clostridium novyi (CLT)

rpoA  L17
L36

Genome content of ribosomal
protein S4 by occurrence of
the gene in the alpha operon.

Translation, .
|:| ribosome structure & biogenesis Transcription
. Replication, D Metabolism

recombination and repair

[] General functional prediction [ ] Cellular process

D Not annotated or no functional prediction

C) Outside-operon S4 context

| ]

I [ ]

RNA methyl- ATP pyrophos- GAF  S4 deace- acetyl- thioredoxin
transferase phatase domain tylase transferase gluta- reductase
Ll | [ | || |
histidinol-  regulator GAF GGDEF S4 tyrosyl-tRNA acetyl-CoA
phosphatase domain  domain synthetase synthetase
—
| || | ] [ \
exopoly- cytidine cation S4 ATP-dependent protease, ATP
phosphatase deaminase  transporter protease LA binding subunit
I | .
permeases sulfur- S4 endonuclease virulence
transferase \" R factor
l | I/ CJOEL D ||
aldolase aldo/keto S4 HicB  phosphate-  phospho-
reductase transport glyceromutase

Rhodopirellula baltica (PLN) [ | ][ ] | [ 1] [ ]

glycosyl- regu-
hydrolases lator

dehydrogenases S4  dihydrolipoamide

dehydrogenase

0 7 0l BT 0 () B QEEE

DNA repair  farnesyl- S4 S4 trans- trans- glycosyl-
photolyase  transferase fragment porter porter transferase

| | | | | | [ ]

hydrolases nicoti- methyl-accepting S4 chemo- flavo-  lipo- permease
namidase chemotaxis taxis doxin

dipeptidyl
aminopeptidases

protein

Fifteen Clostridia genomes
contain two copies of S4: one
zinc-binding and one zinc-free.



Molecular Signatures of Translation- Drug Targets

16S rRNA . | 1 11 1 [11 IV
E. coli l 1B I
T. thermophilus I ||
H. marismortui I ] _
60 \
Ribosomal Signatures: Idiosyncrasies in 5 8 Q .
rRNA and/or r-proteins characteristic of 8t MultiSeq
: ) < 230
the domains of life i< Zoom
Q2
=
69 (119) & 6(14)in 16S ( 23S) 2z /
O .
Nl?mber of Bacterial Signatures
23S rRNA . [ 11 111 . IV Vv VI |
E. coli I I M]IIH][ [ T L] ||\ T Iﬂ! |HH! [ NI ] !H (I
T. thermophitus T T " W = N T1 | IEZ EETTT I AT T 1T T T |\|H! [T T T
H. marismortui [T 0 W2 TSN N 1 Y 1 Y N T MR I

E. Roberts, A. Sethi, J. Montoya, C. R. Woese & Z. Luthey-Schulten. PNAS
“Molecular Signatures of Ribosomal Evolution” (2008)

Kim,... Luthey-Schulten, Ha, and Woodson, Nature "Protein-guided RNA dynamics during early ribosome
assembly (2014)



Flexible Grouping of Data

« Automatically group data by taxonomic classification to
assist in evolutionary analysis (HGT) or create custom groups

* Apply metrics to groups 1ndependently, ¢.g bacterial signal

Eequence Name
Eukaryota:Fungi

0 tasy A 83
IO teov A 83

IO SYDC_YEAST 82
Eukaryota:Metazoa

IO SYD_CAEEL 57
IO SYD_HUMAN 33
I00 SYD_MOUSE 33

Archaea:Crenarcha
0 SYD_AERPE 1] .
Archaea:Euryarchaeota

0 1now_A
IO 1bsa A

IO SYD_METMA
I SYD_HALNf
IO SYD_THEAC
I00 SYD_PYRHO
Bacteria:Proteobacteria
IO 1ow A | .
1il2_A 1| .

=k | =k | =k | =k | =h | =




MultiSeq: Display and Edit Metadata

Sequence Name: |SYDC_YEAST
Source Organism: ’Saccharomvces cerevisiae
Common Name: [yeast

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

« Changes to metadata should
periodically be updated!!!
* Electronic Notebook: Notes

and annotations about a

specific sequence or structure
can be added — and saved

EC Number:
EC Description:

Description:

Data Sources:

Lineage:

Notes

6.1.1.12
’Aspartate--lRNAligase

Aspantyl-tRNA synthetase, ctoplasmic *
(EC 6.1.1.12) (Aspartate--tRNA ligase)

(AspRS) - Saccharomyces cerevisiae |
(Baker's yeast), v

sp=P04802,SYDC_YEAST =
pdb=1EOV A

vl
Eukaryota s
Fungi
Ascomycota

Saccharomycotina —
Saccharomycetes

Saccharomycetales ﬂ

-~

There were
missing residues

OK| Cancel




VMD/MultiSeq - Summary

Visualization, analysis tools, modeling large and long timescale
biomolecular simulations, coarse-grained particles - VMD

Evolutionary and genetic information integration with structural
information Proteins/RNA — MultiSeq (Msalign, Metadata)

Integrate simulation data and databases with graphical interface -
MultiSeq (Translation Tutorials, Metadata) & VMD

Support high performance interactive and batch mode analysis -
MultiSeq & VMD (e.g analyze all rproteins, genomic content)

Improve graphics quality and performance using emerging
technologies (GPU acceleration, programmable shading) VMD



