Chapter 2

Protein-Protein Association

Biochemicalprocesseslependon the ability of proteinsto interactwith eachother with nu-
cleic acids,with lipids, with polysaccharidegndwith substratenolecules Specificmolecular
recognitionis a prerequisitdor antigenrecognitionby theimmunesystemfor signaltransduc-
tion in cells, for the adaptionof cellsto ernvironmentalconditions,andfor mary otherphysi-
ologicalreactiongStryer 1990;Voet& Voet, 1995). Therefore the understanding@f protein
associations requiredto gaininsightsinto biochemicalprocessesConsequentlyproteinasso-
ciationis intensvely exploredexperimentallyaswell astheoretically

From the theoreticalpoint of view, the dockingproblemconsistsof two tasks. First, it is
requiredto find the correctbinding site, and second the correctbinding affinity mustbe pre-
dicted. Theoreticaktudiesnvestigatekinetic andthermodynamigropertieof protein-protein
andprotein-ligandnteractionsWhile freeenegy calculationsandelectrostaticalculationsare
ableto investigatehethermodynamicsf thebindingreactionsthe Browniandynamicamethod
is ableto calculatethekineticsof associatiomeactionsf it is diffusioncontrolled.Many recent
articlesreview thisfield of researct{Janin& Chothia,1990;Jiang& Kim, 1991;Maduraetal.,
1994;Northrup,1994;Kollman,1994Stanfield& Wilson,1995;Ajay & Murcko, 1995;Gilson
etal., 1997a;Gilsonetal., 1997b;Stites,1997;Sternbeg etal., 1998;McCammon,1998).

A topicthatis closelyrelatedto thedockingof moleculego proteinss afield calledindirect
drug design The goal of indirect drug designis to get a model of the binding pocket of a
structurallyunknavn receptor The crux s to align ligandsthatall bind to the samereceptor
(Hauswvald, 1998). The alignedligandsallow conclusionsaboutsitesandstructuralmotifs of
the ligandsthatareimportantfor theinteractionwith their receptor The structuralfeaturesof
theligandsareassumedo presenthe "negative” of the binding poclket at thereceptor While
previousapplicationsusedtheindirect-drug-desigstratgy only for smalldrugmoleculesit is
appliedhereto superimpos@roteinsthatareableto performthe samephysiologicalfunction
but differ completelyin structure(Ullimannetal., 1997a;Ullmannetal., 1998a).With the aid
of thealignedproteinstructuresit is possibleto proposevhichaminoacidsmayhave thesame
functionin theinvestigategroteins.

In this chapterl first introducesomebasicprincipleson proteinassociationthenl describe
a methodthat| usedduring my PhD work to generatehe docked compleces. A methodto
scorethe obtaineddocked compleesis also explained. Finally, | describebriefly the tech-
niguecommonlyusedin indirectdrugdesignthatis appliedhereto superimposa@andcompare
isofunctionalproteins.
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2.1 Thermodynamic Basis for Calculating Association Con-
stants of Biomolecules

Theassociatiorequilibriumof two moleculesA andB to thecomple< AB is shovnin eq2.1.

AB]
[Al[B]

whereKag is the associatiorconstantand[A], [B], and[AB] representhe concentration®f
A, B, andAB respectrely. Associationreactionsof biomoleculesareusuallyobseredin an
agueoulectrolyte.At equilibrium,the chemicalpotentialsof thereactant@ndof the product
stateareequal(eq2.2).

K
A+B = AB: Kag = (2.1)

Msol,AB = Hsol,A + Hsol,B (2.2)

Thechemicalpotentialof compoundA is givenby eq2.3

YalA]
CO

MsolA = Hgoia +RTIN (2.3)
wherepSOI A iIsthestandarahemicalpotential,i. e.,thechemicalpotentialin thestandardtate,
[A] isthe concentratiorof compoundA, CP is the standarcconcentrationn the sameunit, ya
is the actwvity coeficientof compoundA, which approachesnity atlow concentrationsf the
compoundRis thegasconstantandT is thetemperatureThefreeenepy of associatio\G3
is obtainedoy combiningeq2.2andeq?2.3.

AG,CA)\B = Ugol,AB - Ugol,A - “goI,B
YaB CO[AB]>
= —RTIn{ — 2.4
(VAVB [A][B] @4)
= —RTIn Kas

Thestandardhemicalpotentialof acompoundA in solutionis givenby eq2.5.

o _ (9C
HSOLA - anA Tp

1 Ona(WN A)) -
= —RTI AL ML vV 2.5
n (VN,ACO ©o(ho) +p°Va (2.5)

Here,Qn,a(Wn,a) is the canonicapartitionfunctionfor a systemcontaininga large numberof
N solventmoleculesandonesolutemoleculeA atthevolumeVy a. W a is thevolume,when
thesystemis atstandargressurgp®. Qn o(Vn,0) is thecanonicapartitionfunctionfor asystem
containinga large numberof N solvent moleculeswithout a solute. Now the volume of the
systemis Wy o at the samepressurep®. The changeof the equilibrium volumeif one solute
moleculeis addedo thesystemis Vo =V a —Wn 0. If N> 1,V is the partialmolarvolume
of the soluteat infinite dilution in the solvent. Theterm p°V s describeshe mechanicatvork
associateavith thevolumechangéV/ a, whichis smallat atmospheripressure.

To find anexpressiorfor theratio of the partitionfunctionson theright-handsideof eq2.5,
anexpressiorfor theenegy H of the systemis requiredin termsof coordinatesr = (r/,rs))
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andconjugatednomentap = (pa, pPs)) (€q2.6).

Ma,Ms p.2
H(PaPs,TasTs) = ) 5 +U(rars) (2.6)

e AL
Here, Map and Mg are the numbersof atomsof the solute moleculeand of the N solvent
moleculegespectiely; p is thevectorof themomentaf theMa + Mg atoms;p;? is thesquared
magnitudeof the momentunof atomi; m is themassof atomi; andU(ra,rs) is the potential
enegy, which depend®n all coordinate®f the system.For a systemof classicaparticles the

expressionn eq2.7is obtained,

Qua(Mna) _ J JeHPaPsrars)/RTgp, dpsdrjdrs
Qno(Wno) Op [ [ e H(psrs)/RTdpgdr g

whereap is thesymmetrynumberof the solutemolecule. Thesymmetrynumberof thesolvent
moleculecancels. The integral over eachmomentumcomponentextendsfrom —o to +oo,
andthe positionintegralsrangeover all configurationghatareconsistentvith moleculeseing
intactandwithin their container

To simplify eq2.7,the molecularcoordinatesystemis switchedto allow the separatiorof
thelab-framecoordinate®f the soluteatomr’, (externalcoordinatesjrom theinternalcoordi-
natesof the solute. Threenon-linearatomsareusedto definethis coordinatesystem.Thefirst
atombecomeghe origin of the molecularcoordinates.The vectorfrom the first atomto the
secondatomdefinesthe x-axis. Thedirectionof they-axisis givenby thedirectionjoining the
firstandthethird atom,minusthe x-componenof thatvector Thez-axisis givenby thevector
productof thex- andy-axis. Theinternalcoordinate®f themoleculethendefinethe positionof
eachatom. Sincethefirst atomis in the origin of the molecularcoordinatesystem the second
atomis on the x-axis of thatcoordinatesystemandthethird atomis in the xy-plane;thesesix
coordinatesorrespondo the externalmolecularcoordinates.The remainingsetof 3Ma—6
coordinatesirenow denotedy r 5. The positionof theorigin of the molecularsystem|. e., of
thefirst atom,will bedenotedoy Ra. ThethreeEuleriananglesthatdefinethe orientationof
the molecularframerelative to the lab-frameareéa1, {a2, andéas. Thusthe completesetof
externalcoordinatess {a = (Ra,&a1,8a2,EA3).

Theintegralsover theinternalcoordinate®f the soluteandover the solventdo not depend
onthepositionandtheorientationof thesolute,i. e.,on{a. Thusthisintegralcanbecarriedout
leadingto afactorof 8T[2VN’A. In the classicakpproximationtheintegral overthe momentum
of eachatomi contritutesa factorof (2rmRT)%/2. The integralsover the momentumof the
solvent moleculescancel. Combiningtheseexpressionsthe standardchemicalpotentialis
givenby eq2.8.

2.7)

° »=—RTIn Bre 4 (ZTmRT)3/ZZN—’A +pV (2.8)
“SOLA - COO.A il:l 7, 0 A :
Zn,a andZy o areconfigurationintegrals.
INA = /e‘U(rAarS)/RTdrAdrs (2.9)

Zno = / e Y(rs)/RTgy o (2.10)
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The definition of the standardchemicalpotentialof the complex AB bearstwo problems.
First, it is necessaryo definetheinternalandexternalcoordinate®f thenon-coalentcomple
AB. Secondonly thoseconfigurationan which the two moleculesare boundto eachother
shouldbe considered.Thefirst problemcanbe solved easily by definingthe externalcoordi-
natesof moleculeB, (g, relative to moleculeA, sothatthe externalcoordinateof molecule
B becomanternalcoordinate®f the complex. The secondoroblemis of moregenerahature,
especiallyfor loosely-bounctomplexes. Mathematicallythis problemmight be formulatedby
includinga stepfunctionl ({g) into the configurationintegral for the complec (eq2.10),which
equalsunity for the complexedconfigurationsandis zerootherwise.

8 MatMe Z _

0o _ 322np8 | | oy
Hsol, AB RTIn ( Co0ne iLI (2rmyRT) Zno ) +pPpVas (2.11)
Zn a8 = / | (Lg)Jy, & VAo 2ers)/RTgr . drpdlgdr s (2.12)

Here,J;, is the Jacobiardeterminantor the Eulerianrotationof the moleculeB relatve to A.
However, the problemremaingo decideatwhichboundarieshestepfunctionl ({g) should
be unity, i. e.,how the comple is actuallydefined.If the binding betweerthe two molecules
A andB is tight, only thecomplexedconfigurationsill contributeto the configurationntegral
significantly In generalthepotentialof meanforceshouldbenegativein therangeof {g where
the comple is formed. The potentialof meanforce, for instanceobtainedfrom a Brownian
dynamicssimulation(Thomassomtal., 1997),canthusbe usedto definetheboundstate.The
regionin whichthestepfunction| ({g) equalsoneshouldsatisfythe following two conditions.

e Theregion shouldincludeall configurationghatcontribute significantlyto the chemical
potentialof the complexedstate.

e Theregion shouldnotincludeatoo large part of the phasevolumeof the uncompleed
configurationsincethesedo actuallynotcontributeto p | og-

It is importantto realizethattheactualdefinitionof thestepfunctionl ({g) dependslsoonthe
experimentaimethod which hasbeenusedor shouldbe usedto determinghe bindingaffinity.

Combiningeqgs2.4,2.8,and2.11,we obtainanexpressiorfor thefreeenegy of association
AGRg.

C° oa0B Zn,ABZN,0
8% 0pg ZnaZNB

AGXB = —RTIn ( ) + pOA\_/AB (2.13)

whereAV ag =Vag —Va —Vg. Thevolumechange\V ag is usuallysmallatstandargressure,
thusthe associateanechanicalwork termis negligible. However, this contribution becomes
importantat high pressure¢~100 at), which arefound in deepoceanandin ultracentrifuge
(vanEldik, 1993;Sindernetal., 1995).Notethatall mass-dependetgrmscancelin eq2.13.



13

2.2 Treatment of Solvent Moleculesduring Calculation of As-
sociation Constants

2.2.1 Explicit Solvent

An atomicrepresentationf the solventallows to modelmostsolvent effectsexplicitly. This
representatiors oftenusedin moleculardynamicsandMonte Carlosimulations.Severalwater
modelssuchas TIP3P or SPCEexist (Joigenseret al., 1983). The force field parameter®f
thesewater modelsare chosenin orderto reproducephysical propertiesof water Changes
in the free enegies of associatiorupon mutationand differencesn associatiorconstantf
differentbut similar ligandscan be calculatedby thermodynamigerturbationor integration
methodgfor review seevan Gunsterer& Berendsen1990;Kollman,1993;van Gunstereret
al., 1993; Straatsmaet al., 1993;King, 1993). Sincel did not usefree enegy calculationsn
my PhDwork, | will notdescribehis methodhere.

2.2.2 Implicit Solvent

It is possibleto separatehe effect of solvent on the solutein a solvation enegy term that
dependon the conformationof the soluteonly. This separations the theoreticalbasisfor
the useof implicit solvent modelsin calculationsof thermodynamigropertiesof biological
moleculesThestandardreeenegy of bindingin eq2.13containghreeconfiguratiorintegrals
thatinvolve the soluteaswell asthe solvent: Zy ag, Zn.a, andZy g. To achieve the separation
of the solventeffect, the interactionof the solutewith the solventAU (r a,rs) is redefinedas
describedn eq2.14. Theseparations demonstratetierefor moleculeA only, but canbealso
appliedto B andAB.

AU(ra,rs) =U(ra,rs) —U(ra)—U(rs) (2.14)
Thus,thechemicalpotentialof A becomesiov
gz Ma _
pgohA =—RTIn (COO'A I_l (2rmy RT)3/2 ZA> + pVa (2.15)
1=
75 = i:;\ _ / e (A= W) RTgp (2.16)
where
B [eAV(ars)gUrs)grg
W(ra)=—RTIn ( [ Ulodrg (2.17)

Theargumentof thelogarithmin eq2.17is the pure-solentaverageof thesolute-solentinter-
actionpotentialfor theconformatiorr o of moleculeA. Thestandardreeenegy of association
maynow berewritten by combiningeq2.13andeq2.16asgivenby eq2.18.

C° 0a0B Zag
8 oaB ZpaZB

AGRg = —RTIn ( ) + p°AV ap (2.18)
ThePoisson-Boltzmankquation(Hill, 1960),theLangesin-Dipole model(Warshel& Russel,
1984),andthe solventmodelproposedy Schaefe& Karplus,1996areexamplesfor implicit
solventmodels.



14

2.2.3 Mixed Representation of the Solvent

A small numberna < N of solvent moleculesthat interactwith the solutesA, B, and AB
arerepresente@xplicitly, while the restof the solventmoleculesaretreatedby the solvation
potentialof meanforce /. If, togethemwith the moleculeA, a smallfraction of na solvent
moleculesarerepresentedxplicitly, eq2.5changeso eq2.19.

1 Qna — _
0\ = —RTIn( ’ >+ °(Vna—Vn-
“SOLA VN ACO QN—nAO p ( N,A N ﬂA,O)
- RTIn(QN M )—i—p (VN_ns.0—VN0) (2.19)
Qn,o

The secondine is directly relatedto the chemicalpotentialof the solventps (eq2.20),where
Us is theactualchemicalpotential,not the standarcchemicalpotential.

RTIn (Qg M, ) +p (VN na,0 — VN() RTZ (InM) +nAp°Vs (2.20)

N,0 QN0

Eachtermin thesumis thefreeenegy uponremaoving oneof theN solventmoleculedrom the
puresolvent,Vs representshe partialmolar volumeof onesolventmolecule.Eq 2.20is only
valid if na < N. Analogoudo the previoustreatmentwe obtainnow eq2.21.

8 Ma+Mn,
HgoI,A — —RTIn (W r! (2rmy RT)3/2/ —(U (rA,rAs)—I—W(rA,rAs))/RTdrAdrAS)
S i=
+p°(Va +naVs) — nalis (2.21)
= Hna,a —Maks

Here,ra andras representespecttely all coordinateof the soluteA andof the ny solvent
moleculesassociatedavith A; Mp, is the numberof atomsof the na solventmoleculesrepre-
sentedexplicitly, Ma is the numberof atomsof the soluteA. Thelastline of eq2.21defines
the standarcchemicalpotentialp,, of the solutemoleculewith nay explicit solventmolecules.
Thisequatiorshavs that,althoughanimplicit solventrepresentatiors usedafew explicit wa-
ter moleculescanalsobe includedinto the calculation.Only the costof remaoving the solvent
moleculedrom the bulk solventis neededo correctthe chemicalpotential.
Thestandardreeenegy of bindingis thendefinedas

AG® = PaB,nys — Ma,n, — HB,ng — (NAB — Na — NB)Hs (2.22)

wherenag, Na, andng arethenumberssolventmoleculesassociateexplicitly with AB, A, and

B, respectrely. Actually the watermoleculegepresentee@xplicitly needto samplethe whole

availableconfigurationaspacelf constrain@reapplied theartificial effectsof theseconstrains
needto becorrectedoo.

2.3 Electrostatic Potential of Proteinsin lonic Solutions

One examplefor implicit solvent modelsis the electrostatianodelthatis basedon Poisson-
Boltzmannequation. It relieson the assumptionthat a proteincanbe modeledasa low di-
electriccavity with fixed chagesin a high dielectricervironmentwith mobile chages. The
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baseof this modelarecontinuumelectrostaticandstatisticalmechanicgJackson1975;Hill,
1960). This electrostatianodelhasbeensuccessfullyappliedto calculateenegetic quantities
of proteinsandothermoleculesn solution(Sharp& Honig,1990;Yang& Honig,1992;Sharp
& Honig, 1995;Honig & Nicholls,1995).

The electrostatigotentialg(r) of the chage distribution p(r) in vacuumat a positionr is
givenby eq2.23.

or) = /%ro)rdr (2.23)

whereg, is thevacuumdielectricconstant.The electrostatidield E is the negative gradientof
thepotentialp (eq2.24).

a(gg)’ y(r):_acg(yr)7 Ez(r):_% (2.24)

In adielectricmedium,the electrostatidield is shieldeddueto thereorientatiorof permanent
andinduceddipoles.lIt is usefulto definea dielectricdisplacementectorD (eq2.25).

D(r) = ¢(r)E(r) (2.25)

E()=-0o(r);  Edr) =~

whereeg(r) is the spatiallyvarying dielectricconstant.If the GauRllaw is appliedto a chage
densityp(r) in amediumwith the dielectricconstang(r ), oneobtains

OD(r) = O[e(r)E(r)] = 4mp(r) (2.26)

With eq2.24,oneobtainsthe Poissonequationfor a mediumwith a spatialvarying dielectric
constang(r).

O[e(r)0(r)] = —4mp(r) (2.27)

A proteinis assumedo have a definitestructure. The chage densityp(r) of the solution
consiststhereforeof two parts,the fixed chagesp; (r) of the proteinandthe mobile chages
pm(r) of thesolution(ions)(eq2.28)

p(r) =p¢(r) +pm(r) (2.28)

Themobilechagesof thesolutionaredistributedaccordingto Boltzmannstatistics.Themean
concentratior{c;(r)) of ionsof typei atthepositionr is givenby eq2.29

(ci(r) = ™ exp(—M(r)/RT) (2.29)

wherec™ is the bulk concentratiorof the ionic species and #/(r) is the potentialof mean
force experiencedy anion of typei at positionr. For adilute solution,the potentialof mean
forceis givenby eq2.30.

W(r) = Zieo(r) (2.30)

wherez; is the chage numberof theion of typei ande, is the elementarychage. Thechage
densitypm(r) is thengivenby asumoverthechagedensityof all K ionic speciesn thesolution
(eq2.31).

Pm(r) = iicib“"‘zieoexp <_Z%}W)> (2.31)
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The Poisson-Boltzmanaquatiorfor a proteinin ionic solutionis thengivenby combining
eqs2.27,2.28,and2.31to eq2.32

O[e(r)Og(r)] = —4m (pf(r) + _iC,-bUIkZieoeXp (_Z'%p(r))) (2.32)

For small electrostatiqpotentials(¢(r)/RT < 1), the Poisson-Boltzmanequationcanbe lin-
earizedby expandingthe exponentialup to thelinearterm(eq2.33).

icibmkzi & exp ( —Zi;o_lfp(f) > ~ _icibumzi 6 — _icibmkzizec%ql;(—rr) (2.33)

Thefirst termin eq 2.33vanisheshecausef electroneutralityof the solution. It is usefulto
definetheionic strengthl (eq2.34)andtheinverseDebyelengthk (eq2.35).

1 K
=3 cpulkz? (2.34)
[ 4TEd
K= eNRT (2.35)

With thedefinitionsin eqs2.34and2.35,andwith eqs2.32and2.33,o0neobtainsthelinearized
Poisson-Boltzmanaquation(eq2.36).

O[e(r)00(r)] = —4mp (r) +&(NKe(r) (2.36)

Analytical solutionsof the Poisson-Boltzmanequationexist only for simple geometries
(Kirkwood, 1934; Daune,1997). For irregular geometriessolutionscanbe obtainedby nu-
merical methods. Most often, the Poisson-Boltzmanequationis solved by finite difference
methodgseeHonig & Nicholls, 1995for review). But alsoothermethodgo solve partial dif-
ferentialequationssuchasboundaryelementmethodqZauhar& Varnek,1996)or multigrid-
basednethodqHolstetal., 1994)canbeusedto solve the Poisson-Boltzmanaquation.

2.4 Simulation of Protein-Protein Docking

Togethemwith Ernst-WalterKnappandNenadM. Kostic, | investigatedhe associatiorof plas-
tocyaninandcytochromef. Thiswork wasa dockingstudyin threestages.In thefirst stage,
32,000trajectories,in which plastoganin approachedytochromef, were generated. The
molecularconfigurationshaving relatively low enegies were clusteredinto six families by

structuralsimilarity. In the secondstage,six configurationshaving the lowestenegies, one
from eachfamily, wereusedasstartingpointin a moleculardynamicssimulation,for 260 ps.
The whole plastoganin moleculeandthe relevant partsof the cytochromef moleculekept
mobile. Waterwastreatedexplicitly. In thethird stage thefollowing threecontrikutionsto the
enepy of bindingwerecalculated:polarizationof waterby the chagesof the proteins,deter

minedfrom numericalsolutionsof the Poisson-Boltzmanaquationnon-electrostati¢vander
Waalsandothernon-bonded)nteractionsnvolving the proteinsandwater; andthe Coulomb
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Figure 2.1: TheMonte Carloprocedurdor finding dockingconfigurationsTheenegy of plastoganin
in a Coulombpotentialof cytochromef (at the center)was calculatedusing a finer grid within the
innercube(edgelength200,&) andon a coarsemrid elsavherein the outercube(edgelength400A).
Trajectoriesstartedrandomlyon the inner sphere(having the radiusof 100A). For example,trajectory
A endedunproductiely when plastoganin exited the outer sphere(having the radiusof 160,&), and
trajectoryB endedwhen plastoganin found a local minimum of enegy nearcytochromef without
enteringthe excludedvolume.

interactionswithin and betweenthe proteinmolecules. The total enegy of associationvas
calculatedwith athermodynamicycle. Several setsof valuesfor ionic strengthanddielectric
constantgjave consistentesults.

The crystalstructureof theluminal domainof turnip cytochromef (Martinezetal., 1994,
PDB entry1ctm)andstructureof beanplastoganin(Mooreetal., 1991;PDB entry9pcy) were
used. Thetwo C-terminalresiduesabsentrom the structureof cytochromef weremodeled
by a simulatedannealingorocedurdasedon moleculardynamicswhile therestof the protein
waskeptrigid.

Chagesof mostatoms,includingthoseof the heme(Mishraetal., 1983),weretakenfrom
the parametersf the CHARMM19 enegy function (Brookset al., 1983). Carbonandhydro-
genatomsbondedto eachotherwere united. Chagesof the copperatomandof its ligands,
calculatedby a densityfunctionalmethod,werekindly suppliedby ProfessolE. I. Solomon
(Ullmannetal., 1997b). Chagesof titratablegroupsarethoseat pH 7.0, assumingstandard
pKa values. Electrostaticcalculationsby a publishedmethod(Bashford,1991; Berozaet al.,
1991)shavedHis142in cytochromef to beelectroneutrahtpH 7.0.

2.4.1 Monte Carlo Docking

In the searchfor the docking orientation,the proteinmoleculesweretreatedasrigid bodies.
Centerof massof cytochromef wasplacedatthe centerof two concentriccubeshaving edges
of 200and400A andof two concentricspheredaving radii of 100and160A. Dielectriccon-
stantwas80.0everywhere.Thegrid in the smallbox encompassingytochromef, which was
usedn testingwhethemlastoganinenteredheexcludedvolume,hadthespacingof 0.5A. The
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Coulombpotentialof cytochromef wasmappecbn two cubicgrids, with spacingof 1.0A in
theinnerboxandof 2.0A in theouter eachhaving 200x 200x 200points(seeFigure2.1). The
enepy of plastoganinin this electrostatigpotentialwas evaluatedoy multiplying the atomic
chageswith the potentialvalues obtainedby linearinterpolationsat the atomicpositions.

The configurationsof the diprotein complex were simulatedby an annealingprocedure.
Initial positionsandorientationsof plastoganinwere chosenrandomly by placingits center
of masson the surfaceof the inner sphere.Eachstepof the trajectoryconsistecbf a random
displacemenand a randomrotation. The component®f thesetwo vectorswere taken from
normaldistributionswith meansof zeroandwith respectre deviationsof 2.0A and5.0°. Each
stepwasacceptedr rejectedaccordingto the Metropolisalgorithm(Metropoliset al., 1953).
If the enegy of the new configurationwaslower thanthatof the precedingone,the stepwas
alwaysacceptedlf thenew enegy washigherby AE thanthe precedingone,the probabilityto
accepthenew configuratiorwasexp(—AE/RT). If plastoganinenteredhe excludedvolume
of cytochromef, thestepwasrejected A total of 32,000trajectoriesverecreated After 3,000
acceptesstepsat 300K, thetemperaturevasloweredby 10 K. After each300 acceptedsteps
thereafteithe temperaturevasagainloweredby 10 K. A trajectorywasunproductve andter-
minatedf thedistancebetweerthecentersf massof thetwo proteinsexceeded.60A (thatis,
if plastoganinleft the outersphere) A productvetrajectorywasendedf in 5,000consecutie
stepsthe new configurationwasrejected;that wasthe criterion for a local minimum. At 0 K
the stepswere continueduntil eitherof thesecriteriawasmet. The procedurgust described
yielded approximately5,000differentdiprotein configurations. The Coulombenegiesof all
thoseprotein configurationsvere calculatedto find the one with the highestand the lowest
value. Onehundredandforty configurationhadelectrostatienegieslower thanthe average
value of thesetwo andwere analyzedfurther Thosewhosestructureshad root-mean-square
(rms) deviationsof 8.0A or lessfrom oneanothemweregroupediogether(seeAppendix). Six
familiesof configurationsemeged. The configurationhaving the lowestCoulombenegy in
eachfamily wasfurtherrefinedasdescribedelow.

2.4.2 Molecular Dynamics Simulation

At thisstageconformationaflexibility wasimpartedo eachof thesix electrostatically-dvorable
configurationsandhydrationwastreatedby explicitly watermolecules.The simulationswere
donewith the programCHARMM (Brookset al., 1983). A spherewith a diameterof 30 A

wasplacedatthe geometriccenterof plastoganinandfilled with 3587watermoleculesthose
that overlappedwith either proteinwereremoved (seeFigure 2.2). The watermodel TIP3P
wasused(Jogenseret al., 1983). Sincethe structureof plastoganinhadbeendeterminedy

NMR spectroscop no watermoleculesvereavailablein this structure.A total of 114 water
moleculedoundin the crystalstructureof cytochromef wereincluded;thosethatoverlapped
with atomsof plastoganinwereremoved. Waterwaskeptin the sphereby a suitablecontain-
mentpotential(Brooks& Karplus,1983).Plastoganinandthe partof cytochromef insidethe
spherewerecompletelyflexible, subjectonly to the potentialdefinedby the forcefield. Each
atomof cytochromef outsidethe spherevasgentlyfixedwith aharmonicpotentialdefinedby

theforce constanbf 0.05kcalxmol~1xA~1. The CoulombandLennard-Jonemteractionsof

eachatomwerecalculatedwith groupswitch boundaryconditions. At distancegessthan9.0
A thefull potentialis applied,from 9.0 to 11.0A the potentialgraduallydisappearedandat
distancegreaterthan 11.0A atom pair interactionsvanished. The water moleculeswithin a
2.5A layerbelow the spheresurfacewerecoupledto a heatbathat 300K; thefriction coefi-
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Figure 2.2: Oneout of six configurationsof the diprotein complex betweenplastoganin (left) and
cytochromef (right) thatemegedfrom the Monte Carlo procedure. A spherewith theradiusof 15 A
wasfilled with water andmoleculardynamicssimulationwasperformed.

cientwas8 ps—1. Thelengthsof thecovalentbondsinvolving hydrogeratomswereconstrained
with the SHAKE algorithm(Ryckaertet al., 1977)sothatthe time propagatiorcould be done
in 2-fs steps.Eachof the six configurationsvassimulatedor 200psat 300K andthencooled
down by couplingto heatbathsat 200,100, and0 K. The simulationscontinuedfor 20 ps at
eachof theselower temperaturesFinally, eachconfigurationrwasenegy minimized. Eachof
theresultingstructuresvasthenquantitatvely analyzedasdescribedelow.

2.4.3 Energeticsof Docking

At leastfour factorscontribute to the changen free enegy of the proteinpair upondocking,
AGp, accordingo eq2.37.

AGp = AAGRr+ AGNE +AGe +AGTRe (2.37)

Changesn solvation enegy comefrom the electrostatic AAGg, and the non-electrostatic,
AGNE , interactions.Therearealsochangesn the Coulombelectrostatienegy, AG¢. Finally,
loss of translational rotational,and conformationalmobility is representedby AGrrc. Each
of thesefour termsis the enegy differencebetweenthe docked complex of plastoyaninand
cytochromef ontheonesideandthefreeplastoganinandcytochromef ontheother Thelast
termin eq2.37is likely to have similar valuesfor all the configuration®f thedockedcomplex.
Sincewe areinterestedn differencesamongtheconfigurationsi. e.,in theirrelative stabilities,

Theelectrostatisolvationenegy AGr by itself is anenegy differencebetweerthe enegy of the unsohated
andthe solvatedmolecule.
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neglectingthis termis justifiable. Theremainingthreetermscanbe estimatedvith the help of
variousapproximations.

Theelectrostaticontritutionto thesolvationenepy is causedy polarizatiorof themedium
by the chagesin the protein. This contribution can be calculatedby solving the Poisson-
Boltzmannequation(Warwicker & Watson,1982; Klapperet al., 1986; Gilson et al., 1987,
Gilson& Honig, 1988;Honig & Nicholls, 1995; Sharp& Honig, 1990). The enegy required
to bring a moleculewith the dielectric constantes from a mediumwith the constante, to a
mediumwith the constangks is givenin eq2.38.

AGR = Gr(€s, €s) — Gr(€s, €m) (2.38)

Theenegy of themoleculewithin its reactionfield is definedin eq2.39,
Cr(es &) = 5 Z Gii (Es: i) (2.39)

in which g; aretheatomicchagesin themolecule @ is theelectrostatipotentialatthe position
of thechagei insideadielectriccavity with adielectricconstants in amediumwith aconstant
€ suchthateg; is gy or €s. The boundarief the cavity are definedby the wateraccessible
surfaceof themolecule.The potentialsg canbe obtainedoby solvingnumericallythe Poisson-
Boltzmannequatioror its linearizedform.

Non-electrostaticontributionsto the solvationenegy arecausedy vanderWaalsinterac-
tions betweerthe soluteandthe solventandinvolve alsomechanicaknegy occurringby the
creationor enlagementof the solutecavity againsthesolventpressureThereforethesecond
termin eq2.37,canbeestimatedy theempiricalrule in eq2.40.

AGNE = a+DbA (2.40)

The wateraccessiblesurfaceA is definedby rolling a spherewith a radiusof 1.4 A over the
proteinmolecule. The parameters andb were empirically fitted (Ben-Naim,1994; Sitkoff
etal., 1994). Sincewe areinterestedn relative, not absolute,enegies of variousdocking
configurations the parametera, which is the samefor all of them, can be neglected. The
parameteb wassetat5.0,6.8,and20.0.

Coulombenepy arisedrom thepairwiseinteractiondetweertheatomswithin eachprotein
andbetweerthe two proteins. It canbe calculatedaccordingto eq2.41,in whichi andj run
overall theatoms.

‘ o]

AGc(gs) = (2.41)

1
2

1] r'l

The electrostaticenegy (AGg) is definedas the sum of the so-calledreactionfield andthe
Coulombenepy (in eq2.42)andthetotal enegy (AGt) asthesumof all threeterms,i. e.,of
theelectrostati@andnon-electrostaticontritbutions(in eq2.43).

AGE = AMGr+AGc (2.42)

AGT = AAGR+AGc + AGNE
— AGe 4+ MG (2.43)
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Figure 2.3: Thermodynamicycle to calculatethe relative associatiorenegy of proteins. With this
typeof thermodynamicycle, alsoconformationabthangesiponbindingareallowed.

Theenegy differencearisingfrom thelossof translationalrotational,andconformationamo-
bility is neglectedin eq2.43comparedo eq2.37.In eq2.38,2.39,and2.41,e, wassetat80.0
for water andes wassetat 1.0, 2.0, and4.0 for the proteinmatter In eqs2.38and2.39,the
ionic strengthwassetat0.10M, andanion exclusionlayer of 2.0A wasused.
Numericallysolvingthe Poisson-Boltzmanaquatiorrequiredo assigrthechagedistribu-
tion discretelyto a grid. This givesriseto artifacts,termedgrid enegy, which precludeadirect
calculationof the dockingenegy by consideringhe separatendassociategroteins(seethe
thick horizontalline in Figure 2.3). Theseproblemscanbe avoidedby calculatingthe other
threestepsin thethermodynamicycle. Theenepgiesrequiredto transferthe separateroteins
from amediumwith thedielectricconstanbf waterto amediumwith the dielectricconstanof
the proteinandthe enepgy requiredto transfereachof the six optimizedconfigurationf the
diproteincomple in thereversedirectionwerecalculated.With this procedurethe grid ener
giescancelsandquantitiesfor the two vertical processes Figure2.3 areobtained.Because
the dielectricconstantof the soluteandthe mediumare equal,the AGc termwas calculated
with the Coulomblaw, usinga singledielectricconstant.Estimationof AGye completeghe
cycle andallows the evaluationof AGt. This procedurevasrepeatedor eachof the six con-
figurationsof thediproteincomple; the structureof the separat@roteinswerekeptthe same.
Conformationsf the individual proteins,andalsoconfigurationof the diproteincomple,
areflexible in this study Otherthermodynamicycles,which areapplicableto rigid structures
(Jackson& Sternbeg, 1995),areinapplicableherebecausehe grid enegy would not cancel
exactly. Thestructureof theplastogyanin-g/tochromef complex obtainedrom thesimulation
andpossibleconsequencdsr the electrontransferreactionarediscussedn Section5.3.

2.5 Similarity of I sofunctional Proteins

Differentproteinsthat dock andreactwith the samereactionpartnerin a similar mannerare
likely to bindwith a similar pattern.Three-dimensionaimilarity indicesastheintegral-based
Hodgkin index Hf\'gc (eq 2.44) canbe usedto comparemoleculesand provide a quantitatve
measuref thesimilarity of two moleculeGood,1995).

Helec: 2f(pA(deV
AB 2 2
[ oaaV + [ @2aV

TheCoulombpotentialgp of thestructurallydifferentmoleculesA andB areintegratedoverthe
whole volume. The numeratorquantifiesthe spatialoverlapof the two electrostatigotentials
@a and@s, while the denominatomormalizesthis value. The resultingsimilarity index falls
in the intenal between—1 and +1. The value +1 correspond$o moleculeswith identical

(2.44)
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potentialswhereas—1 correspond$o electrostaticomplementaritythis meanghe potentials
areof the samemagnitudeout have oppositesign. Theelectrostatigpotentialg atthe positionr
in amediumwith the dielectricconstant is calculatedrom point chagesq; assignedo each
atomi asgivenby eq2.45;r; is thepositionalvectorof atomi.

n n

' -k
)= g\ﬁ = ,;% jZlGi](r) (249)

G/ (r) = v exp(—¢j(r —ri)?) (2.46)

The 1/r term of the Coulomblaw can be approximatedby a sphericalGaussiarfunction
(eq2.46). This approximationavoids the singularitiesof the Coulombtermsand makesthe
computatioraboutonehundredtimesfasterthanthoseinvolving grid evaluation(Goodetal.,
1992). In generaltwo Gaussiansre sufiicient to fit a 1/r curve within a rangefrom 2.0 to
12.0A. By applyingstandardeast-squareftting techniqueswith a sphericalshellweighting
function (Shavitt, 1962),the following parametersire obtained(Hausvald, 1998; Ullmann et
al., 1997a):¢; = 0.1247A~2, ¢ = 0.0065A 2, 1 = 0.5168A~1, andu, = 0.1958A1. With
theseparametershe Hodgkinindex H§ IS¢ accountsor a significantportion of theelectrostatic
potentialsoutsidethe two proteinmolecules.The seriesof integralsreduceto sphericalGaus-
sianswith modified prefactorsandexponentswhich dependonly on the pairwiseinteratomic
distancedetweerthetwo proteins,.e., ontherelative orientationof thesemolecules.The pa-
rametergor theseGaussiansanbeeasilycalculatedHausvald, 1998). Theanalyticalformula
for the Hodgkin index canbe evaluatedextremely rapidly and no singularitiesappeatin this
approximationIn ahomogeneoumedium,the Hodgkinindex basedon the Coulombelectro-
staticpotentialis independenof the dielectricconstantsincethe dielectricconstantanceldn
eq2.44.

Togethemwith MarkusHausvald, Axel JensenNenadM. Kostic, andErnst-WalterKnapp,!
appliedthe Hodgekinindex to align theisofunctionalproteinsplastoganinandcytochromecs
(Ullmannetal., 1997a)yandtheisofunctionaproteinsferredoxinandflavodoxin(Ullmannetal.,
1998a).The methodwe appliedis termedFAME (Flexible Alignmentof MoleculeEnsembles)
(Hauswvald, 1998). In contrastto applicationan drug design.the structureof the proteinswas
notvariedin this approach.

We startedfrom one hundreddifferentrandominitial orientationsof the two proteinswith
coincidingcentersof massandmaximizedthe Hodgkinindex (eq2.44)with respecto transla-
tional androtationaldegreesof freedomto ensureto find the absolutemaximumseveraltimes.
The highest-rankd alignmentcanbe taken to representhe global maximumof the Hodgkin
index (eq2.44). Therotationswere parameterizeth quaternionsaspreviously donein SEAL
(Kearslg & Smith,1990).Quaterniondehae correctlyif therotationdegenerateto theiden-
tity operatoy while Euler anglesare undeterminedn this case(Altmann, 1986). The FAME
methodinvolvesa highly efficient eigervectorfollowing algorithm(Baker, 1992)for optimiza-
tions, which requiresanalyticfirst and secondderivativesof the function HAe'BeC. Typically, 15
steps(minimal 8, maximal28) wereneededo corverge to a local maximumof this function.
Convergencewasreachedf the normof the gradientbecamdessthan10-1°. Onemaximiza-
tion took about0.5h ona Mips R8000 Cpu. Here,l have summarizednly the keypointsof
the methodthatarenecessaryo reproduceour results.For a detaileddescriptionof the FAME
methodandadditionalfeaturesof the programseeHauswvald, 1998. Theresultsof thesuperpo-
sitionof plastoganinandcytochromecg arediscusseah Sections.4,thoseof thesuperposition
of flavodoxinandferredoxinin Section5.6.
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superpositioormethod protein Hodgkinindex?

FAME c6 0.85
pc 0.92
az 0.56
dipolealignment c6 0.75
Kabschalgorithm pc 0.91

a— definedin eq2.44

Table 2.1: Hodgkinindicesfor the superposition®f Chlamydomonaseinhadtii plastoganin with
Chlamydomonarseinhadtii cytochromecs (¢6), poplarplastoganin (pc) andPseudomonaseruginosa
azurin(az) obtainedby threedifferentalignmentmethodqFAME, dipolealignment Kabschalgorithm);

The propertiesof plastoganinandcytochromecg or of ferredoxinandflavodoxin are ex-
pectedto be mostsimilar, if theseproteinsarefrom the sameorganism.Only for onespecies,
respectrely, the structureof both proteinsof the two isofunctionalcouplesareknown. Plas-
tocyaninandcytochromecg areknown from Chlamydomonaseinhadtii (Kerfeldetal., 1995;
Redinboet al., 1993) and ferredoxinand flavodoxin are known from AnabaenaPCC 7120
(Rypniewski et al., 1991; Raoet al., 1993). We usedthe PDB entries2plt for plastoganin,
1cyj for cytochromecgs, 1fxa for ferredoxin,1rcf for flavodoxin. To testthe applicability of
the FAME algorithmto superimpos@@roteins,we usedit to align Chlamydomonaseinhadtii
plastoyaninwith poplarplastoganin (Gusset al., 1992) (PDB entry 1plc, sequenceadentity
with 2plt: 60 %) andwith Pseudomonasaeruginosaazurin(PDB entry5azu,chainA) (Nar et
al., 1991).For thesuperpositiomf electrostatigpotentialsvith the FAME algorithmandfor the
calculationof dipole vectorswe deletedall watermoleculescontainedn the crystalstructure.
They may contribute non-specificallyto the overall electrostatiqpotential,sincetheir position
depend®oftenonthecrystallineervironment. The chagesof mostatomsweretakenfrom the
CHARMMZ22 parametergMacKerell et al., 1998). Atomic chagesfor the blue coppersitein
plastoganin, calculatedoy a densityfunctionalmethod,werekindly suppliedby ProfessoiE.
|. Solomon. The samechageswere assignedo the blue coppersite in azurin. Chagesof
titratablegroupsarethoseat pH 7.0,assumingstandargK, values.

To testthe utility of the FAME algorithmfor superimposingproteins,we have appliedit to
superimpos@lastogyanin from Chlamydomonaseinhadtii with two otherblue copperpro-
teins; with plastoganin from poplarandwith azurinfrom Pseudomonaaeruginosa Poplar
plastoganinandChlamydomonareinhadtii plastogyaninhave sequenceghatareonly 60 %
identical,but they have very similar electrostatigroperties Plastoganinfrom poplarandplas-
tocyanin from Chlamydomonaseinhadtii, respectrely, have chagesof -8 and-6 at pH 7
anddipole momentsof 330D and340D. Both, azurinand plastoganin have [3-barrelfolds.
Althoughthey belongto the samestructuralfamily (Adman,1991),their electrostatigroper
ties aredifferent. The overall chage of azurinat pH 7 is —1.0, andits dipole momenthasa
magnitudeof only 95 D. In spite of their dissimilar electrostatiqoroperties both, azurinand
plastogyanin,have a hydrophobigatchcloseto the coppersite.

Therelatve orientationof thetwo plastoganinsfoundwith theFAME algorithmis very sim-
ilar to an orientationfound with the Kabschalgorithm (Kabsch,1976; Kabsch,1978),which
minimizesthe distancesetweenequialent backboneatomsof two proteins. As Table 2.1
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shaws, the Hodgkinindices(eq 2.44) of the superpositionsfound with the FAME algorithm
(0.92)andwith theKabsch-algorithn0.91)arenearlyequal. ThebestHodgkinindex foundfor
Chlamydomonareinhadtii plastogzaninandPseudomonaaeruginosaazurin(0.56)is consid-
erablelowerthanthatfor the superpositiorof thetwo plastoganins.Althoughtheelectrostatic
potentialsof plastoganinandazurinareratherdifferent,their hydrophobigpatchesverlapin
the orientationwith the highestHodgkinindex. This overlap shavs, that analogoussurface
regionscanbeidentified,evenwhentheproteinscomparecdave differentoverall electrostatics.

Theseresultsillustrate,thatthe Hodgkinindex is a goodmeasuref the similarity of elec-
trostaticpotentialsof proteins.The FAME algorithmis anunbiasedcandmeaningfulmethodfor
aligningtwo proteinswith similar electrostaticeandcomparablesize. The obtainedalignment
canbeusedto comparehefunctionalityof theseproteins.



