‘Second position
u c A G
uuu ucu | UAU uGU | u
Phe Tyr FCys
uuc ucc % UAC UGC | c
er
UuA L uca UAA Stop UGA Stop A
eu
uuG UCGJ UAG Stop UGG Trp G
cuu ccu caul ceul U
S
cuc ccc CAC CGC C
c Leu Pro - Arg
CUA CCA CAA CGA A
E Gin s
i cuG CCG CAG CGG G =
g ] ] H
® AUU ACU AAU AGU u E
- Asn Ser
e AUC »lle ACC AAC AGC Cc
A Thr
AUA ACA AAA AGA A
Lys Arg
AUG Mevstart ACG/ AAG AGG G
GUU GCU GAU Gau | u
Asp
GUC GCC GAC GGC (o]
G Val Ala Gly
GUA GCA GAA » GGA a
u
GUG GCG | GAG GGG G

Capyright £ 2044 Pearson Education, Inc., publishing as Barjamin Cummings.

Evolution of Protein Structure

L uthey-Schulten Group

Department of Chemistry, Biophysics, and Beckman Institute
University of Illinois at Urbana-Champaign



Universal Phylogenetic Tree

three domains of life

Archaea Eucarva

Antmals

Fungi

ta
’ Euryarchaeo blants

Crenarchaeota

Bacteria

Based on 16S rRNA

Leucyl-tRNA synthetase displays the
full canonical phylogenetic distribution.

for review see Woese PNAS 2000 Woese, Olsen, 1bba, Soll MMBR 2000



Evolutionary Theory: Gene Duplication Prior to LUCAS

orthologs

Bacteria

Archaea

Eucarya

(ancient) paralogs

]
|
|
|
|
|
|
|
| |
f
|
—
~—_ | I|
iy |I

full canonical
LeuRS

(EF-Tu/Ta)

LUCAS

Bacteria

Archaea

Eucarya

full canonical
[leRS
(EF-G/2)

Represents gene duplication prior to LUCAS,
divergence of function from ancestral gene.

What kind of organisms existed at this time?
What genes were available to LUCAS and its ancestors?

N. Iwabe et al. (1989) Proc Natl Acad Sci. 86: 9355-9.



Evolutionary Theory: Phylogenetic Patterns

UPT
rRNA tree

Eucarya full canonical basal canonical non-canonical
LeuRS ValRS CysRS
oy

C. elegans L
A. thaliana L
S. cerevisiae

M. jennaschii V
M. thermoautotrophicum V

A, fulgidus V

P. horkoshii

R. prowazekii WV

P aemophilum V

F. gingivalis WV
C. tepidum V

8. pyogenes L
E. fascalls L
B. subtilis L

() C. tepidum L B. burgdorferi V
ArCha ea M tuberculosis L T. palidum v b
T palidum L T. maritima V e

F. gingivalis L

B. burgdorfen L

C. trachomatis L

M. genitalium L
M. pneumonias L
C. acetobutylicum L

D. madiodurans L

T. marftima L

A. aeoficus |

Synechocyslis sp. PCC 6803 L
H. pylorii L

R. prowazekii L
—— R capsulatus L

B. pertussis L

N. gonomhogae L

P aeruginosa L

E coif L

H. influenzae L

H. pylori V
A. aeolicus V

3. pyogenes V
E. faecalis V

L. casei V

B. subtilis  V

C. acefobutylicum

M. genitalium
M. pneumoniae V

D. radiodurans V

T. thermophilus
Synechocystis sp. PCC 6803 V
M. tuberculosis 'V

C. trachomatis V
E.coli V

H. influenzae V

P. aeniginosa V 20 changes
N. gonomhoeae V

B. pertussis V

C. crescentus V

8. cerevisiae

H. sapiens V

A. thaliana V

G. intestinalis V

T. vaginalis WV

Bacteria

asugimss O
& pertussh T

whoaas G

20 changes

20 changes

Horizontal Gene Transfer Events
|

C. R. Woese, G. J. Olsen, M. Ibba & D. S6ll (2000) MMBR. 64, 202-236.



Evolutionary Theory: Deep phylogeny of protein families

Represents gene duplications ‘
prior to LUCAS.

Although the phylogenetic distribution is limited for the circled genes,
we can infer that these gene must have been extant prior to & in LUCAS.

P. O’ Donoghue, A. Sethi, C. R. Woese & Z. Luthey-Schulten. (2005) PNAS 102:19003-8.



Evolutionary Theory: Sequence Signal Decays

Bacteria Archaea

Eucarya
\
\ P
\ N

Eu |
) [
e N\ \
== Bacteria Archaea fucarya __ ~ \\\ f LN
[ v 75 \H&
[ S N
| 1 e
% \,‘\
- ]
— |

sequence
identity > 20% |

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

As sequence similarity degrades alignment and phylogeny become unreliable.

How can we probe the molecular evolution of these ancient events?



The Relationship Between Sequence & Structure

) . Bacteria Archaea Eucarya
Bacteria Archaea Eucarya Bacteria Archaea Eucarya

Bacteria Archaea Eucarya

AlaRS ASpRS

sequence
identity > 20%

The sequence signal degrades rapidly.
sequence identity < 10%

O
©

o o o o
(4] ()] = oo
= : .
o
o
an &P
[is)

o
»

Qu (structural similarity)
(=]
w

S
no
T

o AARS class |
AARS class 11

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

o
5

o

O'Donoghue & L uthey-Schulten (2003) MMBR 67: 550-73. 0 01 02 03 04 0,'5. 6.§ 07 08 09 1
Structural alignment & visualization software @ http://www.ks.uiuc.edu/Research/vmd/ sequence identity



Protein Structure Similarity Measure

Q,, Structural Homology

fraction of native contacts for aligned residues +

presence and perturbation of gaps

QH = N [qgin I QQap]

Gain = Y €xp

i< j—2

(rig —Targ)”

202

L)

O’Donoghue & Luthey-Schulten MMBR 2003.



Structural SiImilarity Measure
the effect of Insertions

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

AARS Class |
0.1
— Qain
008 Q” 1 N 2— — 2
aln
=YY max{exp |- (Tguj — Taps") | . (rgai — Tarrs)
normalized 006 1 Qgap = P 20_2 ' , €XP 20_2 '
frequency gz 9al | | Gal
0.04 1
27 r 2
.02 1 Nain g = : <= .
0.0 l (Tgw 'rggjf) (Tgw frggjr)
§ , ﬂ‘__,_l _ -|—E E max { exp |— ,exp | —




Protein structure encodes evolutionary information

sequence-based phylogeny

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

Da

Firmicutes Mollicutes
Deinococcus-Thermus 1
Firmicutes Bacilli
Firmicutes Clostridia
Bacteroidetes
v-Proteobacteria
[3-Proteobacteria
Cyanobacteria
e-Proteobacteria
Chlamydiae
Thermotogae
Aquificae

Db

Spirochaetes
Actinobacteria

Chlorobi
a-Proteobacteria

20 (E] ges

archaeal helix
extensions, insertion

JMB 2005
MMBR 2003

Da - AspRS archaeal genre

structure-based phylogeny

Euryarchaeota P.kodakaraensis d1b8aa2
T.thermophilus d1n9wb2*
Deinococcus-Thermus 2*
Da Metazoa/Fungi

S.cerevisioe dlasza2

AsnRS T.thermophilus d11sca2

Deinococcus-Thermus 1
Db T.thermophilus d1efwa3

y-Proteobacteria
E.coli d1cOaa3

8Qy=0.10

bacterial
insertions

Db - AspRS bacterial genre



Protein structure reveals distant evolutionary events
Class I AARSs Class II AARSs

structure-based phylogenetics

)
-

__ structure-based phylogenetics

Class I1 Lysyl-tRNfA Sy_nthetase

. ; . . . _ 05 08 07 0.
Qy (structural homology) Qy (structural homology)



Seguences define more recent evolutionary events

Conformational changes Structures for two

1n the same protein. different species.
ThrRS ProRS
T-AMP analog, 1.55 A. M. jannaschii, 2.55 A.
T,2.00 A. M. thermoautotrophicus, 3.20 A.
Q,=0.80 Q,=0.89

Sequence identity = 1.00 Sequence identity = 0.69



Non-redundant Representative Sets

Too much information Economy of information
129 Structures 16 representatives

dlatibz

L

Multidimensional QR I
factorization
of alignment matrix, A.

—: - "I‘ra
> eqr

‘aln’” —»

proteins

_l —— —

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. Mal. Biol., 346, 875-894.



Numerical Encoding of Proteins in a Multiple Alignment

Encoding Structure Sequence Space
Rotated Cartesian + Gap = 4-space Orthogona Encoding = 24-space
Aligned position  (zc.., Yc., 2c.., 0) 23 amino acids (20 + B, X, Z) + gap

Tt 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)
Gapped position (0,0,0,9) 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)

1Y llF, + 12| 7, 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)

Gap Scaling Il
Fy

adjustable
parameter

Alignment isa Matrix with Linearly Dependent Columns

d=4
/// /// G
—_ // // d:N '
A= rj Rl s r| 4= f
| /// Q-‘:.'I'AL:'..'I P - Q-‘:.'l f
' X
i -

m aligned _ d=3 encoded residue
) d=2 '
positions space il

P=R

fd]

i
Profers

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

n proteins



Applications of Evolutionary Profiles

|. Genome Annotation AARS - MJ1660
|I. Conserved Core-- Folding Nucla? HD Exchange?
|11. Functional Ancestor ?

V. Classification of Protein Structures - Superfamilies



Class| AARSs
evolutionary events

Root of Universal Tree)

Intradomain Speciation

Subclasses

ecificity — 11 Amino acids

. Somain of life AB.E

A

|1A,IB-ACB Ly )
(novel 4-helical
bundel,"DALR")

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Qg (structural homology)



Profile of the ILMYV Subclass

Subclass

Specificity ) ‘

1. thermophilus Mb

E. coli Ma

T. thermophilus Vb

1. thermophilus

la

S. aureus
Ib

1. thermophilus Lb

Class | Class 11
11 Canonical WYLIE FHPD
1A IB-ACB al Cﬂl’lOl’liCﬁl RMV Kl TA
i
n-Canonical 6o S G, Ky NGgp),

th

—_— 2 horikoshii

ce] . SiNCE M and V are basal, we need
_at least 2x3 + 2x2 = 10 sequences.

K1,Eb-ACB (novel, two helical bundels) |T: thermophilus E

Q,Ea-ACB (p-barrel, ribosomal protein L25-like) E. coli

Q
We have 6 structures.

1 1 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.8 1.0

Qg (structural homology)




Number of true positives (ILMV AARSs)

Evolutionary Profiles for Homology Recognition
AARS Subclass ILMV

Reliability of QR profiles
. . . "T—pram {ca@yuc} :

—— QR structure (catalytic)
—— QR structure + 4 sequances

—

20 sequences

365 -

360}

0 5 10 15 20 25 0 35 4 45 50
Number of other AARSs

false positives

Combined Structure-Sequence Phylogeny
an evolutionary profile of the AARS subclass IA

Le N.crassa
@ . S. solfataricus
rYLb ;
T.thermophilus
. d1h3na3
— 4 E.coli
r X . dlqu2a3
| Ity 2 P abyssi
| l—' le 1. thermophilus *
| | Vb dljzsa3
-1 | T.thermophilus
) dlgaxa3
| Va ;
I A. pernix
| Lt E.coli*
L —— dif4la2
S0—01 LR T. thermophilus
5Sid=0.25 Wlash

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

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

Pfam profile
composition
Le x0

La x0
Lb x3

Ib x4

la x1

le x4

Vb x7

Va x0

Ma X 1

Mbx0



Genome Annotation

M.jannaschii genome was completely sequenced in 1996.
Genome had four missing AARSS:

AsnR _ :
ainrs [ Indirect Mechanism
LysRS Class| AARS
CyskRS 7
Cysteinyl-tRNA(Cys) formation in Methanocal dococcus jannaschii: the

mechanism is still unknown. J. Bacteriology, Jan. 2004, 186:8-14.
Ruan B, Nakano H, Tanaka M, Mills JA, DeVito JA, Min B, Low KB, Battista JR, and Soll D.

Protein E-value
HisRS 1.1e-10
AspRS 1.9e-10
M. jannaschii genome  PheRS a-chain 9.5¢-10
: ThrRS 6.6¢-04
database searchusing |, ;< o 10
EP of class|| AARS SerRS 9.2¢-03
with HMMER putative CysRS Lee-02 + MJ1660
AlaRS 5.1e-02
E;ZEEB hai o1z A. Sethi, P. O’ Donoghue and
_PheRSP-chain _|_ 015 _ 7 | uthey-Sculten. PNAS, 102. 2005

DNA repair protein| 7.5



Pathways for cysteine biosynthesis

Direct pathway for cysteine aminoacylation

3" end of
3"end of 3" end of
Cys Cys
OQ ,0- O\ /OfTRNA OQ' ,O/TRNA POIIS-
(|: 9 gepRS M J1660 SEPC\"SS ?
9 NH* ('3 ATP + tRNA®YS r:iH . (5 (1, PLP I'EJH .
archaea X S ¥ Amp s pp, Bacteria/
O-phosphoserine Sep-tRNA®YS + AMP + PP; Cys-TRN:;-;S Plants/
- - +
# SerB Class I CysRS T (RNACYS Mammals
coy CO, ‘0-CO-CH3
i = Acetate

Bacteria/ - cmglbrect—gﬁhwaﬁmwsbemeaﬁﬁmea@y#m@m

Plants NHg* NHg* '

Sum(, CBS D-acetyiserine CGL Cysteine (l:oz‘
C0y H=G-CHj- CH,-OH
1
H=C-CHy-CH,-SH : / ;
Mammals e % e il e
NFs H—C-CHy-S~CHy-CHy GH Homoserine
[

Homocysteine

NHS Cystathionine

NHg*

L }‘_‘H.Lrlll nwanee

Sauerwald et al., Science, 307, 2005, 1969-1972.



Genes for Cysteine Biosynthesis and Aminoacylation

Cys coding Cys biosynthesis Cys biosynthesis/coding
CysRS CysE CyskK/M CBS CGL SepRS SepCysS
Crenarchaea
Aeropyrum pernix NP_148045 NP_148041 NP_147802 NP_147803 - -
Sulfolobus solfataricus NP_343652 (NP_341900) (NP_341900) (NP_343729) % "
Sulfolobus tokodaii NP 378245 (NP_377338) (NP_377338) (NP_376392) -
Pyrobaculum aerophilum NP _ 558873 (NP_559322) (NP_559045) (NP_559045) (NP_559999) - =
Euryarchaea
Haloarcula marismortui YP_135935 YP_135755 YP_134915 (YP_135866) (YP_136993) - -
Halobacterium sp. NP_280014 NP_280304 NP_280167 NP_279635 (NP_279780) . "
Methanothermobacter NP_276615 NP_276195
thermautotrophicus
Methanocaldococcus = - 3 NP 248670 NP_248688
jannaschii
Methanococcus maripaludis | NP_988180 £ 2 4 - NP_987808 NP_988360
Methanopyrus kandleri = - - NP_613724 NP_613516
Methanosarcina acetivorans| NP_615709 NP_617620 NP_617619 - (NP_617435) NP_615064 NP_615682
Methanosarcina barkeri AAFIRT51 40160510% AAF07039 - - ZP_00298242 ZP_00297376
Methanosarcina mazei NP_633935 NP_635293 NP_635109 NP_633407 NP_633905
Methanosarcina thermophila ? AAGO1805 AAGO1804 ? ? ? 2
Methanococcoides burtonii ? ZP_00149388 ZP_00149387 ? ? ZP_00147576 ZP 00148017
ZP_00148733
Methanospirillum hungatei | 401798240% 401798540* 401798280%* ? ? 40179880* 401798260+
Methanogenium frigidum ? ? Contig384. ? ? Contig 1085, Contig1260.
gene842%* gene |08+ gene378%*
Pyrococcus abyssf NP_127080 NP_126842 (NP_126065) (NP_126065) (NP_126586) - -
Pyrococcus furiosus NP_578753 NP_578497 (NP_578587) (NP_578587) NP_578995 - -
Pyrococcus horikoshii NP_142595 = > NP_142999 - -

Ferroplasma acidarmanus
Thermoplasma acidophilum
Thermoplasma volcanium
Picrophilus torridus
Archaeoglobus fulgidus

Nanoarchaea
Nanoarchaeum equitans

401193730%
NP_394604
NP_111763
YP_022862
NP_069247

NP_069247

ZP_0306996

(NP_394010)

(NP_I11108)
YP_022929

*gene object identifiers from Integrated Microbial Genomes database at JGl.
**M. frigidum draft genome sequence, Saunders et al. (2003) Gen. Res. 13, 1580-1588.

All other codes are NCBI-NR database gene identifiers. - absence of gene. ? absence of gene in incomplete genome.

(NP_394010)
(NP_111108)
(YP_023731)

NP_393559
(NP_110693)
(YP_023880)

NP_068951

?

NP_068869
NP_069020

P. O’ Donoghue, A. Sethi, C.
Woese, and Z. Luthey-
Schulten, PNAS, 2005.



Cysteine Coding & Biosynthesis

C
) _..tRNACyS O-\ fo,tRNA ¥s
By Oy .0 Oy -0 Sc
Pyrobacult m aerophilum c 0 C SepCysS (pLP) !
) ) I 11 ! — =
AUO)) umpu B HC-CHp-0-P—0O" SepRS HC-CH,-0-P-0" — HG=CHa-SH
_—: O )UH lo \O( |{|H3+ (I)- ATP + _ AMP + I':JH3+ CI) [S] PD‘]_j NH3*
ilfolobus solfataricus O-phosphoserine (Sep) RNASYS PPy Sep-tRNACYS Cys-tRNACYs
Nanoarcheum equitans b
TEQCCHS ILDsd! B coy co; 0
H=C - CH,-OH e - c CHz~0-C~CHs — %
— : + acetylCoA  CoA H»S ace
Methano yrus kandlenA NFa N .
Methanothermobacter thermautotrophicus A ESie ERRCERE S
CPS (PLP) CyL (pPLP)
N Methanococcus ]annaschlno A co, co; G0,
Methanococcus maripaludis A ' “eskelchuiyrafe
—Pl, sl ol H-C-CHz=CHz=SH || ™ H- c CHz-S-CHz-CH; CH HiO -+ NH;
Thermonplasma volcaniun B NH* NH3 Cystathionine NH3+
|: 1 acidanhillim Homocysteine

Archaeoglobu§ fulgidbs A b -
— g A-SepRS/SepCysS(VGT)
Methanlgén‘ium. Hfrig‘idum.A b - CySRS (H GT)

— Methanococcoides burtoniia\ ABB
— Methanosarcina harkeri . ]
0.1 changes per e EMethanosarcina acetivoransA B B - Bl osy nthesis genes (H GT)

Methanosarcina mazei A

Genetic tools will help uncover the role of the native versus the acquired pathways.

Experiments: Patrick O’'Donoghue (Chemistry, UIUC,Yale), Bill Metcalf (Microbiology, 1IGB, UIUC) ,
Claudia Reich (Microbiology, UIUC), Michael Hohn & Dieter Soll (vale University).



Evolution of Structure and Function in ASpRS

A Ll
-

e

SCOP QR order
Fb 7. thermophilus

dib70a_ (1)
S T.thermophilus diserb2 @
Pa T.thermophilus dihasb2 6
K2 Ecof dibbua2 4 (2)
P.kodakaraensis d1b8ab2 9 5 4
‘ { LRwmopnits 3 dinowh2 10 7 B

De S.cerevisiae diasza2 5 @ 3

N T.thermophilus dllsca2 7 4 @)

1 T.thermophilus 1 diefwad & 6 5

SQH =0.1 E. coli

insert

. dicoaa3 )M
i) subclass 1B

anticodon :
binding (ACB) N
domain

bacterial insert
domain




Evolutionary profile for HisSA-HisF family

J™ = = = = - J

.

true positives

= === Pfam full 250
== Pfam seed 147

- = -Pfam/QR 40% 21
—— QR 40% 13

20 30 40
false positives

EP outperforms popular profile
methods with an economy of
Information.

Sethi, et. al., PNAS, 2005.



Unifying the Worlds of Sequence and Structure

Archaea Ei ucarya

Bacteria
Animals ..
Ciliates
Gm:mm:u'mr Euryarchaeota Plants
Grsin o mrﬂmﬁbanosan:im Halophiles ; ,Fungi
_ positives % m;é::’ﬂ: Flagellates
Purple bactega archasots Methano- g i i
\ Thermoproteus ¢ SOCCUS i il
Cyanobacteria Pyrodictiunm’ - cofe
Flavobacteria X
Thermotogales

Beginning of helix formation and collapse

Molten Globule
States

chnerygy

Thermodynamic Barrier

Glass Transition

SEg

Discrete Folding
Intermediates

Enat = .
Native Structure




Multiseg in VMD : Merging the sequence and structure worlds

2Bala VMD 1.8.3a2 OpenGL Display

Extensions

sequence
autoimd
apbsrun
imd
contactmap

o Version 1.83

rmsd
solvate
timeline
multiseg
tkcon

| e
(sl alla) treeWindow m

Tree
i diefwas3.ent Thermus thermophilus B
dicOaa3.ent Escherichiacoli B
————— din9wbl.ent din9wbi.ent m
diasza2.ent Saccharomyces cerevisiae E
_|: dibBaa2.ent Pyrococcus kodakaraensis A

oke 1

= ) Yo
Sequence Display

S



2006 MultiSeq: New Features

Analyze the Evolution of Sequence and Structure
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Eliminate Redundancy

CLUSTALW Sequence Tree

[File 3] [View %] [Trees [3)

I B R R ER-EERERRE]

Sequence Name

1eov-a.pdb

SYDC_YEAST

—

SYD_CAEEL

- - A R ]
DPDOOUCDOUDDOOOOR>>
EEEEEEEEERE

DODODOOOODOODYODORODO
mMmEmmmMmMAaMArEAmo omm

TewEw

Plus More Functions

MultiSeq

| " Tools 41/ Options [#1! View

Stamp Structural Alignment
ClustalW Sequence Alignment
Phylogenetic Tree

BLAST Database Search

Print QR ordering |
RMSD Tools >

SYD_HUMAN

SYD_MOUSE

SYD_RAT

1bBa-a.pdb

SYD_PYRHO

SYD_METJA

SYD_METMA

SYD_THEAC

SYD_AERPE

SYDM_YEAST

SYD1_STRMU

1egr-a.pdb

SYD_MYCPE

SYD_RICCN

SYD_CHLCV

S —

Chlamydophila caviae

Saccharomyces cerevisiae
Saccharomyces cerevisiae

———a Caenorhabditis elegans

Homo sapiens
Mus musculus
Rattus norvegicus

Thermococcus kodakaraensis
Pyrococcus horikoshii
Methanocaldococcus jannaschii
Methanosarcina mazei
Thermoplasma acidophilum
L = Aeropyrum pernix
Saccharomyces cerevisiae
Streptococcus mutans
Escherichia coli
Mycoplasma penetrans
Rickettsia conorii



Multiseq in VMD 1.8.5

View structural data colored by structural conservation and Synchronization between
sequence data colored by sequence identity 1D and 3D views
- ]

=

T=

“Evolution of Structures
in Biomolecules”
Lectures and Tutorials
Frankfurt, 2006

J. Eargle, D. Wright, ZLS
Bioinformatics. 2006 Feb
15;22(4):504-6.

E. Roberts, J. Eargle, D.
erght, ZLS |n BMC Group data by taxonomic classification Ve saqiusinon.or silctung plylogenies and

eliminate redundancy with QR factorization (5,6).

. . - -
Bioinformatics. Sept. e _|_—E'= ————
tasy_A DBl |S ADSORTGOKAYEKEFVD i
2006_ Teav_A o SADSDODRTGOKRARVYVEKFUVD f————
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