Pseudomonasyringae
functional genomics

A casestudyfor integrating
computationaland experimentalbiology

Alan CollmerandDave Schneider



Why Pseudomonasyringaée’

Economicallyymportantplantpathogerwith
broadhostspeci city.

Well-developedgenetics.
Multiple mechanismsf pathogenesis.

Thetomatopathovar DC3000wasselectedor
genomicsequencindpecausdt infectsArabidopsis

thaliana a completelysequenceglantwith extensve
genetics.
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A model pathogen

P. syringaetomatoDC3000
HoststomatoandArabidopsis
Representate stealthparasite

Hrp typelll secretiorsystem(TTSS)

>50 relatedpathovarsbasedn hostspeci ty
Tobacco Bean Tomato

P, syringaepv. tabaci P HR  HR
P, syringaepv. syringae HR =2 HR
P, syringaepv. tabaci HR HR P
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P. syringaeDC3000
on A. thaliana leaves

Photoby Tom Zitter andR. Thilmony. BioQuest-p.4/52



P. syringaeDC3000
on tomato leaves
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Photoby Tom Zitter andR. Thilmony.
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P. syringaeDC3000
on tomato fruit

Photoby Tom Zitter andR. Thilmony.
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Molecular basisof
pathogenesisn P. syringae
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The type lll secretion system
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Up againstthe wall

Compl«ity in thegeneticof pathogenesis:

Virulencegenedoundby loss-of-functionn
randomtransposomutantscreens

A few foundby gain-of-functiontestsinvolving
swappedgenedn relatedstrains

"Wall" of redundang andweakphenotypes
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Breaking thr oughthe wall

Genomicsandcomputational-gperimentabiology:

Recognitionof patternsassociateavith virulence
genes

Promoters
Secretion/tagetingsignals
Geneexpressiomro ling

ldenti cation of candidategor testing

Biological testingandsubsequente nementof
patternrecognitionabilities
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Pre-genomestatus



Genome-wide igaenti cation of
Hr p effector genes

Most effectorsfoundby avirulencephenotype
Secretion/injectioriHops” testableput slow
Mutantphenotypesypically weakor lacking
No commonmotifs reportedn proteins

All known avr genegrecededy “hrp box”
promoters
ECF-type
Degenerateonsensus
Essentiahucleotidesotde ned
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Laboratory

obsewations

TTSSgenesareexpressedn ahrpL-dependent

manner
So-called'h

'p boxes” arefoundupstreanof

mary TTSS-relateadjenes.

Geneticevio
encodedn t

encesuggestd TSSexportsignalis
ne N-terminalregion of effectors,

harpins,and

pilins.

Effectors,harpins,andhelpersaresecretedy the

TTSS.

Effectorsaretranslocatedanto hostcells.

Effectorscanelicit the hypersensitie responsen
resistanhosts(so-calledavirulencephenotype).
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Overview

Initial hypotheses
Hrp boxesarehrpL-dependenpromoters.

All TTSS-relatedyenesarein transcriptionunits
downstreanof hrp boxes.

All genegdownstreanof hrp boxesareinvolved
In pathogenesis.

Strat@iesfor TTSSfunctionalgenomics

Locatehrp boxesin genomicsequencéo identify
component®f hrpL regulon.

|dentify candidatesffectorsby N-terminal
sequence.
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Biological sequencanalysis,

but a sequencas needed



Seethelittle phrasego,
Watchtheir funny antics.
Themenwho make themwiggle so
Are theteacher®f Semantics.
Thewordsgo up, thewordsgo round
And make a greatcommotion,
But all thatlies behindthe sound
helutudeBoeotian.

F. Windsor A SpaceChild's Mother Goose Simon
andSchusterl958.
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Syntaxand semantics

Sequencanalysisdealswith theidentity of
objects,notenepgy, time, or dynamicproperties
thataredirectly relatedto function. Therefore,
sequenceanalysiss intrinsically syntacticand
empiricalin nature.

Most of biology, includingfunctionaland
structuralgenomicsijs primarily semantian
nature.

Theprimaryintellectualhurdleis to properlyinterpret
syntacticevidenceaspossiblecluesto semantic
content.
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The stablility problem
Grammaticatorrectnesandsemantianeaningcan
begreatlyalteredby smallchangesn syntax.

Changdrom a pherylalanineto aprolinein a
protein.

Mis-spellingin computempassvord.
Errorsin bankdepositsor withdrawls.

Dave------ knowswhathe Is ta lki ngabout!

Davedoesntknow-whathe is ta lki ngabout!
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Similarity or homology?

Similarity is amathematicameasureeomputed
directly from syntacticinformation.

Homologyarerelatedconceptsaresemantian
natureandnot uniquelydeterminedy syntax.

Similarity canbe measuredyomologycannot.
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Applicabllity of
alignment-basedmethods

Many biologicalseqg

uencenotifs correspondo

position-dependeronserationof biophysicaland/or
biochemicalstructures:

DNA bindingmotifs

Promoters
while othersarenot:

tRNAs (long-rangestructuralcorrelations)
CpGislands(dinucleotidecomposition)
Cellularexport andlocalizationsignals
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Hangman
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Hangman
|l nf or mat il on

t heory

Whatis thereasonindgehindthe orderthat
guessesremade?

How mary guessesvererequiredrelatveto the
numberof unknavns?

Whataboutpre xes,sufx es,vowel and
consonantombinationsandrootwords?
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Syntactic-statisticalmodel
of English text

B. Hayes.A progresseportonthe ne artof turning
literatureinto drivel, Sci.Am, 249(5):16,1983.

R. W. Lucky. SiliconDreams:Information,Manand
Machine St. Martin's PressNew York, 1989.
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Statistical modeling ot
“Moby Dick”

Computeof eachletterseparatelythendoublets,
triplets,quadrupletsquintuplets sectuplets,
In agiventext.

Corvertfrequenciedo probabilitiesof individual
letters,andconditionalprobabilitiesfor
substrings.

Usearandomnumbergeneratoto generate
streamof charactersrom the conditional
probability distributions.
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First-order correlations

Tdory d neAeeebk,hswieadadttid elac |
lodhginunaasvmbi ee' kwrdmn.

Clearlyamonkey atatypewriter
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Second-ordercorrelations

Le hoin. whantheoaromiesut
thenaachilathedridoewe frergiedatek y
wee' ethesle!

Perhapst is a Welshmonkey
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Third-order correlations

'Weed.Thedto dreyouandadennie A le
menearkyous,the slenown ithe haved
saindy If - it toto it dreto gre. | wall much.
'‘Glveth pal youldtheit going,youldn'
thave away, jostove moublesogoink steace,
'If take we're domennie.

Capitalizations now correct.\Why?
Contractionsarealsocorrect.
Quotationmarksarenot balanced\Why?
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Fourth-order correlations

| canlight, 'Georgetriedin youand re.*
'Nothenit andl wantyourse,Geogesome
otherther Theresif his handrolledadther
hisky, 'l little amonelywe're we're with him
therain.

Many shortwordsarerecognizable.
Capitalizations still correct.
Quotationmarksarestill notbalanced.
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Fifth-order correlations

'l...I'm notrunning’. Theranch,work onthe
time. Do you becausgou getsomethings
spreadytold you just him by heatto coloured
rabbits.That's goinggrew it's like awhisky
place.

Mostwordsarecorrectlyspelled.
Quotationmarksarestill notbalanced.
Grammais erratic.
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Sixth-order correlations

Million micebecauseat two mewe'll sit by
thefuture. We'll stealit. 'Aren't gotit.
'About the re slowly hand.'l want,
Geoge, heaslkednenoulsly: 'That's ne.
Sayit too hardtoo forgetother

It won't win the NobelPrizefor Literature,but
It's not badfor acomputer

Problemswith balancedjuotationmarksand
grammamremain.Why?
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Strengthsand weaknesses

Quantitatve analyticalmethodsareavailable:
Simplemathematics.
Elegantmechanisno incorporatéintuition”.
Widely usefulin practice.

This kind of statisticalmethodcan modelsyntax, but
notgrammaror semantics.
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Using hidden Mark ov models

HiddenMarkov models(HMMSs) usearti cial
parameterizedtatisticaldistributionsto model
context-dependentransitionprobabilities.

Obtaintraining setof sequencewith common
property

Align trainingsetusingstandardools(e.g.,
Clustal).

ConstructHMM (selecttamiliesof parameterized
distributionsandoptimizeparameters).

Calibrateto determinestatisticalsigni cance of
scores.

Classifyunknavn sequenceaccordingto HMM
score.
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Characterizing the hrpL regulon
using hidden Mark ov models



GeneralHMM scheme

/ /
@ed train@

@ically signific@
@atory confir@
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Complications

Initial trainingsettoo small.

Augmentedwith additionalhrp boxesidenti ed
by randomtransposomutagenesisurey with
reporter

Genomewasnotyet closed( contigs).

Mosaicstructurecausedgroblemswith gene
nding algorithms.

Redundang dueto transposablelementsand
repetitve intergenicsequencesausedassembly
problems.
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Hr p box training set

GGAACCLVIA CECAAAGE®{®7X8 Al07
CA VNS GCAAACECCEIL T CCT TG eo{e7i{e A7t
GGAACCH - 14 AGECT AAATIGe{e72Ye Ale7A
GGAACC - ' Ii TC IJie . CCACIICA
EGGAACOC T TIEE THGCAAGONOC A
€GCAACC . (o GECTAAAAGIOO7® CALL
GGAACCINN: GAAAAT T TG e(67N® C

[EGCAACCECcH | ocon NN CCCAC ICA®

GGAACCe [o TGCATEoo e T e
GGAACC 1M . AACECGTEeoNeT AN
[€GCAAC [o NI _ [THAAARElOe/
GGAACC- I TCAGETCGA. [/ NemI
GeaYNeTCAACRCE. THATCAAACSNOT
GGAACC [of€ CTAGCT GA{e/ oo
cle/YNo'o CAAGAGE. CETHGCGAS®/Ye Al
e/ YNelemECMACAT )¥¥e 'CCAC e
GGAACC - le . VY \CCACQIACA
GGAACC . [® o\ CCAACA
[€GGAAC - W GACCCT CAClolNem el
e YNSTCAAATCC. IATGC CCAC ‘
GGAACC GBEG CCAC ICA [efe
GCAACC N1 6 c ol clele CCAC A= 1€
GCAACQI c[el® CCACECApE:XE
[€GGAACC G CCAC 'C
GGAACC I ‘n G Eele/NeCANECO
e YXSTECAACET . CAC CA < [e
GGAACC GAG. B8 T CCAC [CA . e
ee/ VNS CT TRECImGCEC CCACIACA - le
GGAACC CATAIT CCAC CAll [®
EGGAACO C CCAC (CA" €
€GGAACC CCACLYEA
GGAACC CCACACA
GGAACC CCACIC

Tl NN N\Nrer o lalW.Wal N N

avrDtom
avrA
avrB
avrPto
avrRpt2
ﬁvrP IBAR3
opPsy
avrEl
avre2
avrC
avrPpiA2.R2
avrPph3
avrPpiC2
avrPpiGl
avrPphD
avrPphF
hrpY
hrpKtom
hrpJtom
hrpUtom
hrpCtom
hrpZtom
HrpFO3
HrpFQ7
HrpFO9
HrpF43
HrpR20
HrpR23
HrpR25
HrpR26
HrpR31
HrpR32
HrpR34

' "N 1o YA
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Hr p box sequencdogo

1 ] 11
MAAAAA S A ﬂ L
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Characterizing the
TTSS export signal



Initial training set

CFRPSRSHVS
NGAGPSNFFW
SSTSRSTGYY

OXOQTOOS
()(G)

SAGHSLPAPGPSVETTEKAV PASCSS
GOMSSTSRSTGYYSGYESHEEPRVASSPANRHDRGY

ANPL SSFNRAGCHGNL TNVEASCVKSAGTSSTTNI DSKN

T MSGHI GKHPSLTTVCAGSSASVENGNVPDPA
QI STSSVNSSFNYTAPTEEAGNRFASAPDNS

PVAI NHSPL SREVPSHAA SAK TNLCSEAGDL DA

KDRLFI L SQGHLLPHHLLSRLAGCVA
YSPSHTCRI TSAPSTSTHVGGDTLTSI HéLgng RE

NPECPI CHSI TNSCNVSGG

NPERSI CHNI ATPPI SGG§PLDAVGP A
Tl G IGKHPSL TVCA

V‘.
NPN%S IFSSVCQEL RRSNVDI ALKANGgLEVDGKR EI
S

HI PPVTATDSFRTASDASLAS
EL’N GA PPGVANVESFRTASDASLASSSVRSVSTT

--‘

Rl HSSGHCI SG VSSAETVEKAVESSASA
GOMSSKASVI SSDSFRASYTNSPEASS
RI HSAGHSLPAPGPSVET TEKAVCSSSA
Kl HNAGPSI PNPAPSI ESAGKTACSSLA
ST!PGTSGAHPI YSS|I SSPRNVSGSPTP

SKSSNNL GA KLPLEAQTPPEKISPFDANSAA PEe
SSKSTTVLSPCTSFNEASRTSFRALPGPSCRCLEVY
EFSCSEFSTASPVRTSERPSDASLD
WRTDGEPVTEREHDSSRSASSANSP
GYENHEEPRVASSPTNRHDRGYETD
TE‘TSLAVLHN ESHAP APl AVRPEPAHAI PEI PL
CFRPSRSHVS 8 SAASPVRTSERPSDASLD
NPERSI CHNI TTP ISG PLDAVGPSASSSHPKRISPS

RVRWFKNAFTA

SVRSVSSDgg
GYYPPTYEAERPTA AAGNDRARSS ASSSP

NI SCPNRRQCGTCAENTESASSSSVTNPPL RGEGRRLR<
NEASHSGPS

HCRARTPRCGE

PASCSSCTE
P%SSRAT VS
HRI GGETLTS

avrPto

avrA

avrB

avrC
VIrPphA
avrRpm1l
avrPphB.R3
avrPphC
avrPphD
avrPphE.R2
avrPpiA.R2
avrPpiB.R2
avrPpiC
avrRps4
avrRpt2
AvrRps4Pto
AvrPphFPto
AvrPphD1Pto
AvrPphD2Pto
AvrPpIC2Pto
AvrXv3Pto
HopPsyAPto
HopPtoAl
HopPtoA2
HopPtoB1
HopPtoB2
AvrBstPs
AvrPphEPss
AvrPphCPss
AvrPphEPta
AvrPphEPdp
AvrPphF
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Other problems

Genomestill notclosed( contigs).

Gene nding unreliablein low GC contentareas
typical of known TTSS-relatedranscription
units.

Largefractionof ORFswith no signi cant
similarity to genesn existing closedgenomes.

Working with draftgenomicsequences hard.
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Analysis of
unalignable sequences

Why doesalignmentfail?
Improperselectionprocess.
Too few sequencem alignment.
Correlationspossiblylong-range.
Impropersubstitutionmatrix.
Inappropriatestructuralassumptions.

Whatotherpatternamake biophysicalsense?
Netchageandpl.
Post-translationahodi cations.
Amphipathicity
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Chargeson N-terminii

Vig ANFP \IRAQ \ \V|[=A \V
ANPLSSF <A GNLTN =AS SAGTSSTTNI IS

8 TS ) ASLASSSVIRSVSS|
PPGVA AS ASLASSSVIRSVST
<P\{GPA GYYPPT

ISR i sy
| NI P\_/SGprH_:QI;E VGVSI&

VAGI NIRAGPSCGA
VI NL Tyl ASSL AAL D

CGTSGSNgVYSPP

) d HOPS

CVGGS <I\/Ajv$VNS I'<VSNNSIC|§.F§NVTS
Hs SPSla T Jgl TSAP YeeD
G

CAAGNBIRAIRSSCASSSF

e e stAGT% Ve gﬁgTAP

'TL DD
‘ LIL ﬂ I TPS Egk
NI VSGSS ATw STT Y TA
MNIgl STSSVNSS NYT <FASAP LVVT
QPSPFbNel
TG.D"D
VNP L[5 NI A %ﬁ? g =KR
NLIeHSL WPTA PSSL TS TSQTIS h b bh
Ml SSIgd GCAG VNQ a2 TVPACQC GIVNP
D VSGQG A* GSGASSSNSP

NVAS NVAL
I TPSIRYPGI Y] APLS AAP

ASGSSTP SASCTNVLSL
AAINT O I'1 SLSCGLAPGSS|PAFARF|a

AvrPpIB1(Pto
AvrPpiB2(Pto
HopPtoAl
HopPtoA2
HopPtoB1
HopPtoV
HopPtoT1
AvrPphE(Pto)
HopPt
HopPto
HopPtoK
HopPmaJ(Pto)
HopPtoG
HopPtoS2
HopPtoD1
HopPtol
HopPtoM
AvrPtoB
HopPmal(Pto)
HopPtoH
AVrE(Pto)
HopPsyA(Pto)
HopPtoC
HopPtoJ
HopPtoL
HopPtoD2
HopPtoS3
AvrPto(DC3000)
HopPtoF
HopPtoS1
HopPtoN
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Hydr opathy of N-terminii

Vig ANP \IRA Q) \ \\VI=A \V
ANPLSSF <A GNLTN =AS SAGTSSTTNI IS

M RR 8 TS ASLASSSVIRSV S S|
| NQ PPGVA AS ASLASSSVIRSVST
<P\{GPA GYYPPT

VT|n]l IIEYlg |§ AF D LA
ﬁ |N1 S||!, A NTENASP
bRy ek e VGVS'&

VAGITNIFAGPSGAYE
VI NL Tlgl ASSEAIRFAAL S|B

AlR GSSYPSACSTAS NG
CVGGS <NAI¢$VNS BIRVSNNS (D lNVTS
SPSla | JRINT SAP VG D
GTSGgG VYSPP

CAAG l' ASSCASSSH
AGTTAP

SF[pA % SALAC
3S UbEAGT% EhSEPVCS RNSEL

DD
‘ LIL oK L SkTRS Egk
NRVSGSS ATm STT Y TAN
MK STSSVNSS NYTA <FASAP LVVT
QPSPFbNel

JEe0DRHD

NITA %gg HKR
M.L'S.Se@kg@m@cg ST

VSG Alll GSGASSSNSP
7 NVAS SVAL
I TPSIRYPGL YI APLSN=R T AAP

ASGSSTP SASGTNVESL
AAINT O I'1 SESGEAPGSS|pVAFAIRF|a

AvrPpiB1(Pto
AvrPpiB2(Pto
HopPtoAl
HopPtoA2
HopPtoB1
HopPtoV
HopPtoT1
AvrPphE(Pto)
HopPto
HopPto
HopPtoK
HopPmaJ(Pto)
HopPtoG
HopPtoS2
HopPtoD1
HopPtol
HopPtoM
AvrPtoB
HopPmal(Pto)
HopPtoH
AVrE(Pto)
HopPsyA(Pto)
HopPtoC
HopPtoJ
HopPtoL
HopPtoD2
HopPtoS3
AvrPto(DC3000)
HopPtoF
HopPtoS1
HopPtoN
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Alignments, scoring, and
substitution matrices

A substitutionrmatrix is atableof scoredor the
alignmentof two charactersn the alignmentof
strings.

For similarity searching,

Closesimilarity  positive scores
Indifference zeroscores
Dissimilarity  negative scores

BioQuest— p.44/52



Biological relevance

Large penaltyfor mismatcheselatve to rewards
for matcheseadsto short,strongalignments.

Smallmismatchpenaltiedeadto long, weak
alignments.

What meaningcan be assignedo short, weak align-
ments?
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NCBI recommendedorotein
substitution matrices

Query length Substitution matrix Gap costs

PAM30 (9,1)

PAM70 (10,1)
BLOSUMS0 (10,1)
BLOSUM62 (11,1)

Shortsequencesannothave participaten long,
weakalignments.

Gapcostsmustbetailoredto the substitution
matrix.
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Qualitati ve classi cation of
amino acids

Polar non-polar

lonizable
Acidic, basic

Non-ionizable
Aliphatic, aromatic

Volume
Small,medium,large

Which propertiesareimportant?
Are theimportantcriteriaposition-dependent?
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Generic exposure-dependent
substitution patterns
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Wu-Brutlag substitution groups

“Discovering Empirically Consered Amino Acid Substution
Groupsin Databasesf ProteinFamilies’
T. D. Wu andD. L. Brutlag. ISMB, pp.230-240(1996).

CFILMVY D
LMvY
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An alternative strategy

Searclhof all six translationframesfor ORFs.
Lengthcutoff of 150residues.

Regularexpressiordescribingrst 15
residues.
Apply statistical lters to rst 50residues.

Eliminatecandidateshatpartially overlapwith
goodBLAST hits, or arehighly similarto well
characterizethion-TTSSgenes.

Filter out candidatesvith high GC contentand
thoselackingribosomebindingsites.

Translocationand secretionassaysyield additional
TTSSsubstrateg$work ongoing).
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Conclusionsand obsewations

TTSSexportsignalcanbeidenti ed, but more
work Is needed.

TTSSexportsignalrecognitionmechanisnand

biophysicsof TTSSexportarecompletely
unknaown.

ldenti cation of startcodon(s)areunreliable.
Geneticmanipulations
A priori estimationof proteinlifetime

ldenti cation of TTSSexportandsignal
peptides
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Breaking thr oughthe wall

Genomicsandcomputational-gperimentabiology:

Recognitionof patternsassociateavith virulence
genes

Promoters
Secretion/tagetingsignals
Geneexpressiomro ling

ldenti cation of candidategor testing

Biological testingandsubsequente nementof
patternrecognitionabilities
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