
Chapter 2

Protein-Protein Association

Biochemicalprocessesdependon the ability of proteinsto interactwith eachother, with nu-
cleicacids,with lipids, with polysaccharides,andwith substratemolecules.Specificmolecular
recognitionis aprerequisitefor antigenrecognitionby theimmunesystem,for signaltransduc-
tion in cells, for the adaptionof cells to environmentalconditions,andfor many otherphysi-
ological reactions(Stryer, 1990;Voet& Voet,1995). Therefore,theunderstandingof protein
associationis requiredto gaininsightsinto biochemicalprocesses.Consequently, proteinasso-
ciationis intensively exploredexperimentallyaswell astheoretically.

From the theoreticalpoint of view, the dockingproblemconsistsof two tasks. First, it is
requiredto find the correctbindingsite,andsecond,thecorrectbindingaffinity mustbepre-
dicted.Theoreticalstudiesinvestigatekineticandthermodynamicpropertiesof protein-protein
andprotein-ligandinteractions.While freeenergy calculationsandelectrostaticcalculationsare
ableto investigatethethermodynamicsof thebindingreactions,theBrowniandynamicsmethod
is ableto calculatethekineticsof associationreactionsif it is diffusioncontrolled.Many recent
articlesreview thisfield of research(Janin& Chothia,1990;Jiang& Kim, 1991;Maduraetal.,
1994;Northrup,1994;Kollman,1994Stanfield& Wilson,1995;Ajay & Murcko,1995;Gilson
etal., 1997a;Gilsonetal., 1997b;Stites,1997;Sternberg etal., 1998;McCammon,1998).

A topicthatis closelyrelatedto thedockingof moleculesto proteinsis afield calledindirect
drug design. The goal of indirect drug designis to get a modelof the binding pocket of a
structurallyunknown receptor. Thecrux is to align ligandsthat all bind to the samereceptor
(Hauswald, 1998). Thealignedligandsallow conclusionsaboutsitesandstructuralmotifs of
the ligandsthatareimportantfor the interactionwith their receptor. Thestructuralfeaturesof
the ligandsareassumedto presentthe”negative” of thebindingpocket at thereceptor. While
previousapplicationsusedtheindirect-drug-designstrategy only for smalldrugmolecules,it is
appliedhereto superimposeproteinsthatareableto performthesamephysiologicalfunction
but differ completelyin structure(Ullmannet al., 1997a;Ullmannet al., 1998a).With theaid
of thealignedproteinstructures,it is possibleto proposewhichaminoacidsmayhavethesame
functionin theinvestigatedproteins.

In thischapter, I first introducesomebasicprinciplesonproteinassociation,thenI describe
a methodthat I usedduring my PhD work to generatethe docked complexes. A methodto
scorethe obtaineddocked complexes is alsoexplained. Finally, I describebriefly the tech-
niquecommonlyusedin indirectdrugdesignthatis appliedhereto superimposeandcompare
isofunctionalproteins.
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2.1 Thermodynamic Basis for Calculating Association Con-
stants of Biomolecules

Theassociationequilibriumof two moleculesA andB to thecomplex AB is shown in eq2.1.

A
�

B
KAB��

AB; KAB � �
AB ��

A � �B � (2.1)

whereKAB is the associationconstantand[A], [B], and[AB] representthe concentrationsof
A, B, andAB respectively. Associationreactionsof biomoleculesareusuallyobserved in an
aqueouselectrolyte.At equilibrium,thechemicalpotentialsof thereactantsandof theproduct
stateareequal(eq2.2).

µsol � AB � µsol � A � µsol � B (2.2)

Thechemicalpotentialof compoundA is givenby eq2.3

µsol � A � µo
sol � A � RT ln

γA
�
A �

Co (2.3)

whereµo
sol � A is thestandardchemicalpotential,i. e.,thechemicalpotentialin thestandardstate,

[A] is theconcentrationof compoundA, Co is thestandardconcentrationin thesameunit, γA

is theactivity coefficient of compoundA, which approachesunity at low concentrationsof the
compound,R is thegasconstant,andT is thetemperature.Thefreeenergy of association∆Go

AB
is obtainedby combiningeq2.2andeq2.3.

∆Go
AB � µo

sol � AB � µo
sol � A � µo

sol � B� � RT ln

�
γAB

γAγB

Co �AB��
A� �B�
	 eq

(2.4)� � RT lnKAB

Thestandardchemicalpotentialof acompoundA in solutionis givenby eq2.5.

µo
sol � A � �

∂G
∂nA 	 T � p� � RT ln

�
1

VN � ACo

QN � A � VN �A �
QN � 0 � VN � 0 � 	 � poVA (2.5)

Here,QN � A � VN �A � is thecanonicalpartitionfunctionfor a systemcontaininga largenumberof
N solventmoleculesandonesolutemoleculeA at thevolumeVN �A. VN � A is thevolume,when
thesystemis atstandardpressurepo. QN � 0 � VN � 0 � is thecanonicalpartitionfunctionfor asystem
containinga large numberof N solvent moleculeswithout a solute. Now the volumeof the
systemis VN � 0 at the samepressurepo. The changeof the equilibrium volumeif onesolute
moleculeis addedto thesystemisVA � VN � A � VN � 0. If N 
 1,VA is thepartialmolarvolume
of thesoluteat infinite dilution in thesolvent. Theterm poVA describesthemechanicalwork
associatedwith thevolumechangeVA , which is smallatatmosphericpressure.

To find anexpressionfor theratioof thepartitionfunctionsontheright-handsideof eq2.5,
anexpressionfor theenergy H of thesystemis requiredin termsof coordinates� r ��� r �A � rS���
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andconjugatedmomenta� p ��� pA � pS ��� (eq2.6).

H � pA � pS � r �A � rS ��� MA �MS

∑
i � 1

pi
2

2mi

�
U � r �A � rS� (2.6)

Here, MA and MS are the numbersof atomsof the solutemoleculeand of the N solvent
moleculesrespectively; p is thevectorof themomentaof theMA + MS atoms;pi

2 is thesquared
magnitudeof themomentumof atomi; mi is themassof atomi; andU � rA � rS � is thepotential
energy, whichdependson all coordinatesof thesystem.For a systemof classicalparticles,the
expressionin eq2.7is obtained,

QN �A � VN � A �
QN � 0 � VN � 0 � ����� e� H � pA � pS � r �A � rS ��� RTdpAdpSdr �AdrS

σA ��� e� H � pS � rS ��� RTdpSdrS
(2.7)

whereσA is thesymmetrynumberof thesolutemolecule.Thesymmetrynumberof thesolvent
moleculecancels. The integral over eachmomentumcomponentextendsfrom � ∞ to

� ∞,
andthepositionintegralsrangeoverall configurationsthatareconsistentwith moleculesbeing
intactandwithin theircontainer.

To simplify eq2.7, themolecularcoordinatesystemis switchedto allow theseparationof
thelab-framecoordinatesof thesoluteatomr �A (externalcoordinates)from theinternalcoordi-
natesof thesolute.Threenon-linearatomsareusedto definethis coordinatesystem.Thefirst
atombecomesthe origin of the molecularcoordinates.The vectorfrom the first atomto the
secondatomdefinesthex-axis. Thedirectionof they-axisis givenby thedirectionjoining the
first andthethird atom,minusthex-componentof thatvector. Thez-axisis givenby thevector
productof thex- andy-axis.Theinternalcoordinatesof themoleculethendefinethepositionof
eachatom.Sincethefirst atomis in theorigin of themolecularcoordinatesystem,thesecond
atomis on thex-axisof thatcoordinatesystem,andthethird atomis in thexy-plane;thesesix
coordinatescorrespondto the externalmolecularcoordinates.The remainingsetof 3MA � 6
coordinatesarenow denotedby rA. Thepositionof theorigin of themolecularsystem,i. e.,of
thefirst atom,will bedenotedby RA. ThethreeEulerianangles,thatdefinetheorientationof
themolecularframerelative to the lab-frameareξA1, ξA2, andξA3. Thusthecompletesetof
externalcoordinatesis ζA ��� RA � ξA1 � ξA2 � ξA3 � .

Theintegralsover theinternalcoordinatesof thesoluteandover thesolventdo not depend
onthepositionandtheorientationof thesolute,i. e.,onζA. Thusthisintegralcanbecarriedout
leadingto a factorof 8π2VN � A. In theclassicalapproximation,theintegralover themomentum
of eachatom i contributesa factorof � 2πmiRT� 3� 2. The integralsover the momentumof the
solvent moleculescancel. Combiningtheseexpressions,the standardchemicalpotential is
givenby eq2.8.

µo
sol � A � � RT ln  8π2

CoσA

MA

∏
i � 1

� 2πmiRT� 3� 2 ZN � A
ZN � 0 ! � poVA (2.8)

ZN �A andZN � 0 areconfigurationintegrals.

ZN �A �#" e� U � rA � rS ��� RTdrAdrS (2.9)

ZN � 0 � " e� U � rS ��� RTdrS (2.10)
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The definitionof the standardchemicalpotentialof the complex AB bearstwo problems.
First, it is necessaryto definetheinternalandexternalcoordinatesof thenon-covalentcomplex
AB. Second,only thoseconfigurationsin which the two moleculesareboundto eachother
shouldbeconsidered.Thefirst problemcanbesolvedeasilyby definingtheexternalcoordi-
natesof moleculeB, ζB, relative to moleculeA, so that the externalcoordinatesof molecule
B becomeinternalcoordinatesof thecomplex. Thesecondproblemis of moregeneralnature,
especiallyfor loosely-boundcomplexes.Mathematically, this problemmightbeformulatedby
includingastepfunctionI � ζB � into theconfigurationintegral for thecomplex (eq2.10),which
equalsunity for thecomplexedconfigurationsandis zerootherwise.

µo
sol �AB � � RT ln  8π2

CoσAB

MA $ MB

∏
i � 1

� 2πmiRT � 3� 2 ZN �AB

ZN � 0 ! � poVAB (2.11)

ZN � AB �%" I � ζB � JζB
e� U � rA � rB � ζB � rS ��� RTdrAdrBdζBdrS (2.12)

Here,JζB
is theJacobiandeterminantfor theEulerianrotationof themoleculeB relative to A.

However, theproblemremainsto decideatwhichboundariesthestepfunctionI � ζB � should
beunity, i. e.,how thecomplex is actuallydefined.If thebindingbetweenthetwo molecules
A andB is tight, only thecomplexedconfigurationswill contributeto theconfigurationintegral
significantly. In general,thepotentialof meanforceshouldbenegativein therangeof ζB where
the complex is formed. The potentialof meanforce, for instanceobtainedfrom a Brownian
dynamicssimulation(Thomassonet al., 1997),canthusbeusedto definetheboundstate.The
region in which thestepfunctionI � ζB � equalsoneshouldsatisfythefollowing two conditions.& Theregion shouldincludeall configurationsthatcontributesignificantlyto thechemical

potentialof thecomplexedstate.& Theregion shouldnot includea too largepartof thephasevolumeof theuncomplexed
configuration,sincethesedoactuallynotcontributeto µo

sol � AB.

It is importantto realizethattheactualdefinitionof thestepfunctionI � ζB � dependsalsoon the
experimentalmethod,whichhasbeenusedor shouldbeusedto determinethebindingaffinity.

Combiningeqs2.4,2.8,and2.11,weobtainanexpressionfor thefreeenergy of association
∆Go

AB.

∆Go
AB � � RT ln

�
Co

8π2

σAσB

σAB

ZN � ABZN � 0
ZN � AZN �B 	 � po∆VAB (2.13)

where∆VAB � VAB � VA � VB. Thevolumechange∆VAB is usuallysmallatstandardpressure,
thusthe associatedmechanicalwork term is negligible. However, this contribution becomes
importantat high pressures( ' 100 at), which arefound in deepoceanandin ultracentrifuge
(vanEldik, 1993;Sindernetal., 1995).Notethatall mass-dependenttermscancelin eq2.13.
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2.2 Treatment of Solvent Molecules during Calculation of As-
sociation Constants

2.2.1 Explicit Solvent

An atomicrepresentationof the solventallows to modelmostsolvent effectsexplicitly. This
representationis oftenusedin moleculardynamicsandMonteCarlosimulations.Severalwater
modelssuchasTIP3Por SPCEexist (Jorgensenet al., 1983). The force field parametersof
thesewatermodelsare chosenin order to reproducephysicalpropertiesof water. Changes
in the free energiesof associationuponmutationanddifferencesin associationconstantsof
differentbut similar ligandscanbe calculatedby thermodynamicperturbationor integration
methods(for review seevanGunsteren& Berendsen,1990;Kollman,1993;vanGunsterenet
al., 1993;Straatsmaet al., 1993;King, 1993). SinceI did not usefreeenergy calculationsin
my PhDwork, I will notdescribethismethodhere.

2.2.2 Implicit Solvent

It is possibleto separatethe effect of solvent on the solutein a solvation energy term that
dependson the conformationof the soluteonly. This separationis the theoreticalbasisfor
the useof implicit solvent modelsin calculationsof thermodynamicpropertiesof biological
molecules.Thestandardfreeenergy of bindingin eq2.13containsthreeconfigurationintegrals
thatinvolve thesoluteaswell asthesolvent: ZN �AB, ZN �A , andZN � B. To achieve theseparation
of the solvent effect, the interactionof the solutewith the solvent ∆U � rA � rS� is redefinedas
describedin eq2.14.Theseparationis demonstratedherefor moleculeA only, but canbealso
appliedto B andAB.

∆U � rA � rS��� U � rA � rS� � U � rA � � U � rS� (2.14)

Thus,thechemicalpotentialof A becomesnow

µo
sol � A � � RT ln  8π2

CoσA

MA

∏
i � 1

� 2πmiRT� 3� 2 ZA ! � poVA (2.15)

ZA � ZN � A
ZN � 0 �#" e� � U � rA � $)( � rA ����� RTdrA (2.16)

where * � rA ��� � RT ln  � e� ∆U � rA � rS � e� U � rS � drS� e� U � rS � drS ! (2.17)

Theargumentof thelogarithmin eq2.17is thepure-solventaverageof thesolute-solventinter-
actionpotentialfor theconformationrA of moleculeA. Thestandardfreeenergy of association
maynow berewrittenby combiningeq2.13andeq2.16asgivenby eq2.18.

∆Go
AB � � RT ln

�
Co

8π2

σAσB

σAB

ZAB

ZAZB 	 � po∆VAB (2.18)

ThePoisson-BoltzmannEquation(Hill, 1960),theLangevin-Dipolemodel(Warshel& Russel,
1984),andthesolventmodelproposedby Schaefer& Karplus,1996areexamplesfor implicit
solventmodels.
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2.2.3 Mixed Representation of the Solvent

A small numbernA + N of solvent moleculesthat interactwith the solutesA, B, and AB
arerepresentedexplicitly, while the restof the solventmoleculesaretreatedby the solvation
potentialof meanforce

*
. If, togetherwith the moleculeA, a small fraction of nA solvent

moleculesarerepresentedexplicitly, eq2.5changesto eq2.19.

µo
sol �A � � RT ln

�
1

VN � ACo

QN �A
QN � nA � 0 	 � po � VN � A � VN � nA � 0 �� RT ln

�
QN � nA � 0

QN � 0 	 � po � VN � nA � 0 � VN � 0 � (2.19)

Thesecondline is directly relatedto thechemicalpotentialof thesolventµS (eq2.20),where
µS is theactualchemicalpotential,not thestandardchemicalpotential.

RT ln

�
QN � nA � 0

QN � 0 	 � po � VN � nA � 0 � VN � 0 ��� RT
nA

∑
i � 1

�
ln

QN � i $ 1 � 0
QN � i � 0 	 � nA poVS (2.20)

Eachtermin thesumis thefreeenergy uponremoving oneof theN solventmoleculesfrom the
puresolvent,VS representsthepartialmolarvolumeof onesolventmolecule.Eq 2.20is only
valid if nA + N. Analogousto theprevioustreatment,weobtainnow eq2.21.

µo
sol �A � � RT ln  8π2

CoσAσnA
S

MA $ MnA

∏
i � 1

� 2πmiRT� 3� 2 " e� � U � rA � rAS � $
( � rA � rAS ����� RTdrAdrAS !�
po � VA

�
nAVS � � nAµS (2.21)� µo

nA �A � nAµS

Here,rA andrAS representrespectively all coordinatesof the soluteA andof the nA solvent
moleculesassociatedwith A; MnA is thenumberof atomsof thenA solventmoleculesrepre-
sentedexplicitly, MA is the numberof atomsof the soluteA. The last line of eq2.21defines
thestandardchemicalpotentialµnA of thesolutemoleculewith nA explicit solventmolecules.
Thisequationshowsthat,althoughanimplicit solventrepresentationis used,a few explicit wa-
ter moleculescanalsobe includedinto thecalculation.Only thecostof removing thesolvent
moleculesfrom thebulk solventis neededto correctthechemicalpotential.

Thestandardfreeenergy of bindingis thendefinedas

∆Go � µAB � nAB � µA � nA � µB � nB � � nAB � nA � nB � µS (2.22)

wherenAB, nA, andnB arethenumberssolventmoleculesassociatedexplicitly with AB, A, and
B, respectively. Actually thewatermoleculesrepresentedexplicitly needto samplethewhole
availableconfigurationalspace.If constrainsareapplied,theartificialeffectsof theseconstrains
needto becorrectedtoo.

2.3 Electrostatic Potential of Proteins in Ionic Solutions

Oneexamplefor implicit solvent modelsis the electrostaticmodel that is basedon Poisson-
Boltzmannequation. It relieson the assumption,that a proteincanbe modeledasa low di-
electriccavity with fixed chargesin a high dielectricenvironmentwith mobile charges. The
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basesof thismodelarecontinuumelectrostaticsandstatisticalmechanics(Jackson,1975;Hill,
1960). This electrostaticmodelhasbeensuccessfullyappliedto calculateenergeticquantities
of proteinsandothermoleculesin solution(Sharp& Honig,1990;Yang& Honig,1992;Sharp
& Honig,1995;Honig& Nicholls,1995).

Theelectrostaticpotentialφ � r � of thechargedistribution ρ � r � in vacuumat a positionr is
givenby eq2.23.

φ � r �,� " ρ � r �
4πεor

dr (2.23)

whereεo is thevacuumdielectricconstant.Theelectrostaticfield E is thenegativegradientof
thepotentialφ (eq2.24).

E � r ��� � ∇φ � r � ; Ex � r ��� � ∂φ � r �
∂x � Ey � r ��� � ∂φ � r �

∂y � Ez � r �,� � ∂φ � r �
∂z

(2.24)

In a dielectricmedium,theelectrostaticfield is shieldeddueto thereorientationof permanent
andinduceddipoles.It is usefulto defineadielectricdisplacementvectorD (eq2.25).

D � r �,� ε � r � E � r � (2.25)

whereε � r � is the spatiallyvaryingdielectricconstant.If the Gaußlaw is appliedto a charge
densityρ � r � in amediumwith thedielectricconstantε � r � , oneobtains

∇D � r ��� ∇
�
ε � r � E � r � � � 4πρ � r � (2.26)

With eq2.24,oneobtainsthePoissonequationfor a mediumwith a spatialvaryingdielectric
constantε � r � .

∇
�
ε � r � ∇φ � r � � � � 4πρ � r � (2.27)

A proteinis assumedto have a definitestructure.Thecharge densityρ � r � of thesolution
consiststhereforeof two parts,the fixedchargesρ f � r � of the proteinandthe mobilecharges
ρm � r � of thesolution(ions)(eq2.28)

ρ � r �-� ρ f � r � � ρm � r � (2.28)

Themobilechargesof thesolutionaredistributedaccordingto Boltzmannstatistics.Themean
concentration. ci � r �0/ of ionsof type i at thepositionr is givenby eq2.29. ci � r ��/,� cbulk

i exp � � * i � r ��1 RT� (2.29)

wherecbulk
i is thebulk concentrationof the ionic speciesi and

*
i � r � is thepotentialof mean

forceexperiencedby anion of type i at positionr. For a dilute solution,thepotentialof mean
forceis givenby eq2.30. *

i � r ��� Zieoφ � r � (2.30)

whereZi is thechargenumberof theion of type i andeo is theelementarycharge. Thecharge
densityρm � r � is thengivenby asumoverthechargedensityof all K ionicspeciesin thesolution
(eq2.31).

ρm � r ��� K

∑
i � 1

cbulk
i Zieoexp

� � Zieoφ � r �
RT 	 (2.31)
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ThePoisson-Boltzmannequationfor a proteinin ionic solutionis thengivenby combining
eqs2.27,2.28,and2.31to eq2.32

∇
�
ε � r � ∇φ � r � � � � 4π  ρ f � r � � K

∑
i � 1

cbulk
i Zieoexp

� � Zieoφ � r �
RT 	 ! (2.32)

For smallelectrostaticpotentials� φ � r ��1 RT 2 1� , thePoisson-Boltzmannequationcanbe lin-
earizedby expandingtheexponentialup to thelinearterm(eq2.33).

K

∑
i � 1

cbulk
i Zieoexp

� � Zieoφ � r �
RT 	 '� K

∑
i � 1

cbulk
i Zieo � K

∑
i � 1

cbulk
i Z2

i e2
o

φ � r �
RT

(2.33)

The first term in eq 2.33vanishesbecauseof electroneutralityof the solution. It is usefulto
definetheionic strengthI (eq2.34)andtheinverseDebyelengthκ (eq2.35).

I � 1
2

K

∑
i � 1

cbulk
i Z2

i (2.34)

κ � 4πe2
oI

ε � r � RT
(2.35)

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

∇
�
ε � r � ∇φ � r � � � � 4πρ f � r � � ε � r � κ2φ � r � (2.36)

Analytical solutionsof the Poisson-Boltzmannequationexist only for simplegeometries
(Kirkwood, 1934; Daune,1997). For irregular geometries,solutionscanbe obtainedby nu-
mericalmethods.Most often, the Poisson-Boltzmannequationis solved by finite difference
methods(seeHonig & Nicholls,1995for review). But alsoothermethodsto solve partialdif-
ferentialequationssuchasboundaryelementmethods(Zauhar& Varnek,1996)or multigrid-
basedmethods(Holstetal., 1994)canbeusedto solvethePoisson-Boltzmannequation.

2.4 Simulation of Protein-Protein Docking

Togetherwith Ernst-WalterKnappandNenadM. Kostíc, I investigatedtheassociationof plas-
tocyaninandcytochromef . This work wasa dockingstudyin threestages.In thefirst stage,
32,000trajectories,in which plastocyanin approachedcytochrome f , were generated.The
molecularconfigurationshaving relatively low energies were clusteredinto six families by
structuralsimilarity. In the secondstage,six configurationshaving the lowestenergies,one
from eachfamily, wereusedasstartingpoint in a moleculardynamicssimulation,for 260ps.
The whole plastocyanin moleculeand the relevant partsof the cytochrome f moleculekept
mobile.Waterwastreatedexplicitly. In thethird stage,thefollowing threecontributionsto the
energy of bindingwerecalculated:polarizationof waterby thechargesof theproteins,deter-
minedfrom numericalsolutionsof thePoisson-Boltzmannequation;non-electrostatic(vander
Waalsandothernon-bonded)interactionsinvolving theproteinsandwater;andthe Coulomb
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Figure 2.1: TheMonteCarloprocedurefor findingdockingconfigurations.Theenergy of plastocyanin
in a Coulombpotentialof cytochrome f (at the center)was calculatedusing a finer grid within the
innercube(edgelength200Å) andon a coarsergrid elsewherein theoutercube(edgelength400Å).
Trajectoriesstartedrandomlyon the innersphere(having theradiusof 100Å). For example,trajectory
A endedunproductively whenplastocyanin exited the outersphere(having the radiusof 160 Å), and
trajectoryB endedwhen plastocyanin found a local minimum of energy nearcytochrome f without
enteringtheexcludedvolume.

interactionswithin and betweenthe proteinmolecules. The total energy of associationwas
calculatedwith a thermodynamiccycle. Severalsetsof valuesfor ionic strengthanddielectric
constantsgaveconsistentresults.

Thecrystalstructureof theluminal domainof turnip cytochromef (Martinezet al., 1994;
PDBentry1ctm)andstructureof beanplastocyanin(Mooreetal., 1991;PDBentry9pcy) were
used. The two C-terminalresiduesabsentfrom the structureof cytochromef weremodeled
by a simulatedannealingprocedurebasedonmoleculardynamics,while therestof theprotein
waskeptrigid.

Chargesof mostatoms,includingthoseof theheme(Mishraet al., 1983),weretakenfrom
the parametersof the CHARMM19 energy function (Brookset al., 1983). Carbonandhydro-
genatomsbondedto eachotherwereunited. Chargesof the copperatomandof its ligands,
calculatedby a densityfunctionalmethod,werekindly suppliedby ProfessorE. I. Solomon
(Ullmann et al., 1997b). Chargesof titratablegroupsarethoseat pH 7.0, assumingstandard
pKa values. Electrostaticcalculationsby a publishedmethod(Bashford,1991;Berozaet al.,
1991)showedHis142in cytochromef to beelectroneutralatpH 7.0.

2.4.1 Monte Carlo Docking

In the searchfor the dockingorientation,the proteinmoleculesweretreatedasrigid bodies.
Centerof massof cytochromef wasplacedat thecenterof two concentriccubeshaving edges
of 200and400Å andof two concentricsphereshaving radii of 100and160Å. Dielectriccon-
stantwas80.0everywhere.Thegrid in thesmallbox encompassingcytochromef , which was
usedin testingwhetherplastocyaninenteredtheexcludedvolume,hadthespacingof 0.5Å. The
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Coulombpotentialof cytochromef wasmappedon two cubicgrids,with spacingsof 1.0Å in
theinnerboxandof 2.0Å in theouter, eachhaving 200x 200x 200points(seeFigure2.1).The
energy of plastocyanin in this electrostaticpotentialwasevaluatedby multiplying the atomic
chargeswith thepotentialvalues,obtainedby linearinterpolationsat theatomicpositions.

The configurationsof the diproteincomplex were simulatedby an annealingprocedure.
Initial positionsandorientationsof plastocyaninwerechosenrandomly, by placingits center
of masson the surfaceof the innersphere.Eachstepof the trajectoryconsistedof a random
displacementanda randomrotation. The componentsof thesetwo vectorsweretaken from
normaldistributionswith meansof zeroandwith respectivedeviationsof 2.0Å and5.0o. Each
stepwasacceptedor rejectedaccordingto theMetropolisalgorithm(Metropoliset al., 1953).
If theenergy of thenew configurationwaslower thanthatof theprecedingone,the stepwas
alwaysaccepted.If thenew energy washigherby ∆E thantheprecedingone,theprobabilityto
acceptthenew configurationwasexp � � ∆E 1 RT � . If plastocyaninenteredtheexcludedvolume
of cytochromef , thestepwasrejected.A totalof 32,000trajectorieswerecreated.After 3,000
acceptedstepsat 300K, thetemperaturewasloweredby 10 K. After each300acceptedsteps
thereafterthe temperaturewasagainloweredby 10 K. A trajectorywasunproductive andter-
minatedif thedistancebetweenthecentersof massof thetwo proteinsexceeded160Å (thatis,
if plastocyaninleft theoutersphere).A productivetrajectorywasendedif in 5,000consecutive
stepsthe new configurationwasrejected;that wasthecriterion for a local minimum. At 0 K
the stepswerecontinueduntil eitherof thesecriteria wasmet. The procedurejust described
yieldedapproximately5,000differentdiproteinconfigurations.The Coulombenergiesof all
thoseproteinconfigurationswerecalculatedto find the onewith the highestand the lowest
value. Onehundredandforty configurationshadelectrostaticenergieslower thantheaverage
valueof thesetwo andwereanalyzedfurther. Thosewhosestructureshadroot-mean-square
(rms)deviationsof 8.0 Å or lessfrom oneanotherweregroupedtogether(seeAppendix).Six
familiesof configurationsemerged. The configurationhaving the lowestCoulombenergy in
eachfamily wasfurtherrefinedasdescribedbelow.

2.4.2 Molecular Dynamics Simulation

At thisstageconformationalflexibility wasimpartedtoeachof thesixelectrostatically-favorable
configurations,andhydrationwastreatedby explicitly watermolecules.Thesimulationswere
donewith the programCHARMM (Brookset al., 1983). A spherewith a diameterof 30 Å
wasplacedat thegeometriccenterof plastocyaninandfilled with 3587watermolecules;those
that overlappedwith eitherproteinwereremoved (seeFigure2.2). The watermodelTIP3P
wasused(Jorgensenet al., 1983).Sincethestructureof plastocyaninhadbeendeterminedby
NMR spectroscopy, no watermoleculeswereavailablein this structure.A total of 114water
moleculesfoundin thecrystalstructureof cytochromef wereincluded;thosethatoverlapped
with atomsof plastocyaninwereremoved. Waterwaskept in thesphereby a suitablecontain-
mentpotential(Brooks& Karplus,1983).Plastocyaninandthepartof cytochromef insidethe
spherewerecompletelyflexible, subjectonly to thepotentialdefinedby the forcefield. Each
atomof cytochromef outsidethespherewasgentlyfixedwith aharmonicpotentialdefinedby
theforceconstantof 0.05kcal 3 mol � 1 3 Å � 1. TheCoulombandLennard-Jonesinteractionsof
eachatomwerecalculatedwith groupswitchboundaryconditions.At distanceslessthan9.0
Å the full potentialis applied,from 9.0 to 11.0Å the potentialgraduallydisappeared,andat
distancesgreaterthan11.0 Å atompair interactionsvanished.The watermoleculeswithin a
2.5-Å layerbelow thespheresurfacewerecoupledto a heatbathat 300K; thefriction coeffi-
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Figure 2.2: Oneout of six configurationsof the diproteincomplex betweenplastocyanin (left) and
cytochromef (right) thatemergedfrom theMonteCarloprocedure.A spherewith the radiusof 15 Å
wasfilled with water, andmoleculardynamicssimulationwasperformed.

cientwas8 ps� 1. Thelengthsof thecovalentbondsinvolving hydrogenatomswereconstrained
with the SHAKE algorithm(Ryckaertet al., 1977)so that the time propagationcouldbedone
in 2-fssteps.Eachof thesix configurationswassimulatedfor 200psat300K andthencooled
down by couplingto heatbathsat 200,100,and0 K. Thesimulationscontinuedfor 20 ps at
eachof theselower temperatures.Finally, eachconfigurationwasenergy minimized. Eachof
theresultingstructureswasthenquantitatively analyzed,asdescribedbelow.

2.4.3 Energetics of Docking

At leastfour factorscontribute to the changein freeenergy of theproteinpair upondocking,
∆GD, accordingto eq2.37.

∆GD � ∆∆GR
� ∆GNE

� ∆GC
� ∆GTRC (2.37)

Changesin solvation energy comefrom the electrostatic,∆∆GR,1 and the non-electrostatic,
∆GNE , interactions.Therearealsochangesin theCoulombelectrostaticenergy, ∆GC. Finally,
lossof translational,rotational,andconformationalmobility is representedby ∆GTRC. Each
of thesefour termsis the energy differencebetweenthe dockedcomplex of plastocyaninand
cytochromef ontheonesideandthefreeplastocyaninandcytochromef ontheother. Thelast
termin eq2.37is likely to havesimilarvaluesfor all theconfigurationsof thedockedcomplex.
Sinceweareinterestedin differencesamongtheconfigurations,i. e.,in their relativestabilities,

1Theelectrostaticsolvationenergy ∆GR by itself is anenergy differencebetweentheenergy of theunsolvated
andthesolvatedmolecule.
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neglectingthis termis justifiable.Theremainingthreetermscanbeestimatedwith thehelpof
variousapproximations.

Theelectrostaticcontributionto thesolvationenergy iscausedbypolarizationof themedium
by the charges in 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). Theenergy required
to bring a moleculewith the dielectricconstantεs from a mediumwith the constantεm to a
mediumwith theconstantεs is givenin eq2.38.

∆GR � GR � εs � εs� � GR � εs � εm� (2.38)

Theenergy of themoleculewithin its reactionfield is definedin eq2.39,

GR � εs � εi ��� 1
2∑

i
qiφi � εs � εi � (2.39)

in whichqi aretheatomicchargesin themolecule,φi is theelectrostaticpotentialat theposition
of thechargei insideadielectriccavity with adielectricconstantεs in amediumwith aconstant
εi suchthat εi is εm or εs. The boundariesof the cavity aredefinedby the water-accessible
surfaceof themolecule.Thepotentialsφi canbeobtainedby solvingnumericallythePoisson-
Boltzmannequationor its linearizedform.

Non-electrostaticcontributionsto thesolvationenergy arecausedby vanderWaalsinterac-
tionsbetweenthesoluteandthesolventandinvolve alsomechanicalenergy occurringby the
creationor enlargementof thesolutecavity againstthesolventpressure.Therefore,thesecond
termin eq2.37,canbeestimatedby theempiricalrule in eq2.40.

∆GNE � a
�

bA (2.40)

The water-accessiblesurfaceA is definedby rolling a spherewith a radiusof 1.4 Å over the
proteinmolecule. The parametersa andb wereempirically fitted (Ben-Naim,1994; Sitkoff
et al., 1994). Sincewe are interestedin relative, not absolute,energies of variousdocking
configurations,the parametera, which is the samefor all of them, can be neglected. The
parameterb wassetat5.0,6.8,and20.0.

Coulombenergy arisesfromthepairwiseinteractionsbetweentheatomswithin eachprotein
andbetweenthetwo proteins.It canbecalculatedaccordingto eq2.41,in which i and j run
overall theatoms.

∆GC � εs�,� 1
2∑

i � j qiq j

εsr i j
(2.41)

The electrostaticenergy (∆GE) is definedas the sum of the so-calledreactionfield and the
Coulombenergy (in eq2.42)andthetotal energy (∆GT) asthesumof all threeterms,i. e.,of
theelectrostaticandnon-electrostaticcontributions(in eq2.43).

∆GE � ∆∆GR
� ∆GC (2.42)

∆GT � ∆∆GR
� ∆GC

� ∆GNE� ∆GE
� ∆GNE (2.43)
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Figure 2.3: Thermodynamiccycle to calculatethe relative associationenergy of proteins. With this
typeof thermodynamiccycle,alsoconformationalchangesuponbindingareallowed.

Theenergy differencearisingfrom thelossof translational,rotational,andconformationalmo-
bility is neglectedin eq2.43comparedto eq2.37.In eq2.38,2.39,and2.41,εm wassetat80.0
for water, andεs wassetat 1.0, 2.0, and4.0 for the proteinmatter. In eqs2.38and2.39,the
ionic strengthwassetat0.10M, andanion exclusionlayerof 2.0Å wasused.

NumericallysolvingthePoisson-Boltzmannequationrequiresto assignthechargedistribu-
tion discretelyto agrid. Thisgivesriseto artifacts,termedgrid energy, whichprecludeadirect
calculationof thedockingenergy by consideringtheseparateandassociatedproteins(seethe
thick horizontalline in Figure2.3). Theseproblemscanbe avoidedby calculatingthe other
threestepsin thethermodynamiccycle. Theenergiesrequiredto transfertheseparateproteins
from amediumwith thedielectricconstantof waterto amediumwith thedielectricconstantof
theproteinandtheenergy requiredto transfereachof thesix optimizedconfigurationsof the
diproteincomplex in thereversedirectionwerecalculated.With this procedure,thegrid ener-
giescancels,andquantitiesfor the two verticalprocessesin Figure2.3 areobtained.Because
the dielectricconstantsof the soluteandthe mediumareequal,the ∆GC term wascalculated
with the Coulomblaw, usinga singledielectricconstant.Estimationof ∆GNE completesthe
cycle andallows theevaluationof ∆GT . This procedurewasrepeatedfor eachof thesix con-
figurationsof thediproteincomplex; thestructuresof theseparateproteinswerekeptthesame.

Conformationsof the individual proteins,andalsoconfigurationof thediproteincomplex,
areflexible in this study. Otherthermodynamiccycles,which areapplicableto rigid structures
(Jackson& Sternberg, 1995),areinapplicableherebecausethe grid energy would not cancel
exactly. Thestructuresof theplastocyanin-cytochromef complex obtainedfrom thesimulation
andpossibleconsequencesfor theelectrontransferreactionarediscussedin Section5.3.

2.5 Similarity of Isofunctional Proteins

Differentproteinsthat dock andreactwith the samereactionpartnerin a similar mannerare
likely to bindwith a similarpattern.Three-dimensionalsimilarity indicesastheintegral-based
Hodgkin index Helec

AB (eq 2.44)canbe usedto comparemoleculesandprovide a quantitative
measureof thesimilarity of two molecules(Good,1995).

Helec
AB � 2 � φAφBdV� φA

2dV
� � φB

2dV
(2.44)

TheCoulombpotentialsφ of thestructurallydifferentmoleculesA andB areintegratedoverthe
wholevolume. Thenumeratorquantifiesthespatialoverlapof the two electrostaticpotentials
φA andφB, while the denominatornormalizesthis value. The resultingsimilarity index falls
in the interval between� 1 and

�
1. The value

�
1 correspondsto moleculeswith identical
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potentials,whereas� 1 correspondsto electrostaticcomplementarity, this meansthepotentials
areof thesamemagnitudebut haveoppositesign.Theelectrostaticpotentialφ at thepositionr
in a mediumwith thedielectricconstantε is calculatedfrom point chargesqi assignedto each
atomi asgivenby eq2.45;ri is thepositionalvectorof atomi.

φ � r ��� n

∑
i � 1

qi

ε 4 r � ri 4 '� n

∑
i � 1

qi

ε

k

∑
j � 1

G j
i � r � (2.45)

G j
i � r ��� υ j exp � � ς j � r � ri � 2 � (2.46)

The 11 r term of the Coulomb law can be approximatedby a sphericalGaussianfunction
(eq 2.46). This approximationavoids the singularitiesof the Coulombtermsandmakes the
computationaboutonehundredtimesfasterthanthoseinvolving grid evaluation(Goodet al.,
1992). In general,two Gaussiansaresufficient to fit a 11 r curve within a rangefrom 2.0 to
12.0Å. By applyingstandardleast-squaresfitting techniqueswith a sphericalshellweighting
function(Shavitt, 1962),the following parametersareobtained(Hauswald, 1998;Ullmannet
al., 1997a):ς1 � 0.1247Å � 2, ς2 � 0.0065Å � 2, υ1 � 0.5168Å � 1, andυ2 � 0.1958Å � 1. With
theseparameters,theHodgkinindex Helec

AB accountsfor asignificantportionof theelectrostatic
potentialsoutsidethetwo proteinmolecules.Theseriesof integralsreduceto sphericalGaus-
sianswith modifiedprefactorsandexponents,which dependonly on thepairwiseinteratomic
distancesbetweenthetwo proteins,i.e.,on therelativeorientationof thesemolecules.Thepa-
rametersfor theseGaussianscanbeeasilycalculated(Hauswald,1998).Theanalyticalformula
for the Hodgkin index canbe evaluatedextremelyrapidly andno singularitiesappearin this
approximation.In a homogeneousmedium,theHodgkinindex basedon theCoulombelectro-
staticpotentialis independentof thedielectricconstant,sincethedielectricconstantcancelsin
eq2.44.

Togetherwith MarkusHauswald,Axel Jensen,NenadM. Kostíc,andErnst-WalterKnapp,I
appliedtheHodgekinIndex to align theisofunctionalproteinsplastocyaninandcytochromec6
(Ullmannetal., 1997a)andtheisofunctionalproteinsferredoxinandflavodoxin(Ullmannetal.,
1998a).Themethodweappliedis termedFAME (Flexible Alignmentof MoleculeEnsembles)
(Hauswald, 1998). In contrastto applicationsin drugdesign,thestructureof theproteinswas
notvariedin thisapproach.

We startedfrom onehundreddifferentrandominitial orientationsof thetwo proteinswith
coincidingcentersof massandmaximizedtheHodgkinindex (eq2.44)with respectto transla-
tional androtationaldegreesof freedomto ensureto find theabsolutemaximumseveraltimes.
The highest-rankedalignmentcanbe taken to representthe global maximumof the Hodgkin
index (eq2.44). Therotationswereparameterizedin quaternions,aspreviously donein SEAL

(Kearsley & Smith,1990).Quaternionsbehavecorrectlyif therotationdegeneratesto theiden-
tity operator, while Euler anglesareundeterminedin this case(Altmann, 1986). The FAME

methodinvolvesahighly efficienteigenvector-following algorithm(Baker, 1992)for optimiza-
tions,which requiresanalyticfirst andsecondderivativesof the functionHelec

AB . Typically, 15
steps(minimal 8, maximal28) wereneededto converge to a local maximumof this function.
Convergencewasreachedif thenormof thegradientbecamelessthan10� 10. Onemaximiza-
tion took about0.5h on a M IPS R8000 CPU. Here,I have summarizedonly thekeypointsof
themethodthatarenecessaryto reproduceour results.For a detaileddescriptionof theFAME

methodandadditionalfeaturesof theprogramseeHauswald,1998.Theresultsof thesuperpo-
sitionof plastocyaninandcytochromec6 arediscussedin Section5.4,thoseof thesuperposition
of flavodoxinandferredoxinin Section5.6.
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superpositionmethod protein Hodgkinindexa

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: Hodgkin indicesfor the superpositionsof Chlamydomonasreinhardtii plastocyanin with
Chlamydomonasreinhardtii cytochromec6 (c6),poplarplastocyanin(pc)andPseudomonasaeruginosa
azurin(az)obtainedby threedifferentalignmentmethods(FAME, dipolealignment,Kabschalgorithm);

Thepropertiesof plastocyaninandcytochromec6 or of ferredoxinandflavodoxinareex-
pectedto bemostsimilar, if theseproteinsarefrom thesameorganism.Only for onespecies,
respectively, thestructuresof bothproteinsof the two isofunctionalcouplesareknown. Plas-
tocyaninandcytochromec6 areknown from Chlamydomonasreinhardtii (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 plastocyanin,
1cyj for cytochromec6, 1fxa for ferredoxin,1rcf for flavodoxin. To test the applicability of
the FAME algorithmto superimposeproteins,we usedit to align Chlamydomonasreinhardtii
plastocyaninwith poplarplastocyanin (Gusset al., 1992)(PDB entry 1plc, sequenceidentity
with 2plt: 60 %) andwith Pseudomonasaeruginosaazurin(PDB entry5azu,chainA) (Nar et
al., 1991).For thesuperpositionof electrostaticpotentialswith theFAME algorithmandfor the
calculationof dipolevectors,we deletedall watermoleculescontainedin thecrystalstructure.
They maycontributenon-specificallyto theoverall electrostaticpotential,sincetheir position
dependsoftenon thecrystallineenvironment.Thechargesof mostatomsweretakenfrom the
CHARMM22 parameters(MacKerell et al., 1998). Atomic chargesfor thebluecoppersite in
plastocyanin,calculatedby a densityfunctionalmethod,werekindly suppliedby ProfessorE.
I. Solomon. The samechargeswereassignedto the blue coppersite in azurin. Chargesof
titratablegroupsarethoseatpH 7.0,assumingstandardpKa values.

To testtheutility of theFAME algorithmfor superimposingproteins,we have appliedit to
superimposeplastocyanin from Chlamydomonasreinhardtii with two otherblue copperpro-
teins; with plastocyanin from poplarandwith azurinfrom Pseudomonasaeruginosa. Poplar
plastocyaninandChlamydomonasreinhardtii plastocyaninhave sequences,thatareonly 60 %
identical,but they haveverysimilarelectrostaticproperties.Plastocyaninfrom poplarandplas-
tocyanin from Chlamydomonasreinhardtii, respectively, have chargesof -8 and -6 at pH 7
anddipole momentsof 330 D and340 D. Both, azurinandplastocyaninhave β-barrelfolds.
Althoughthey belongto thesamestructuralfamily (Adman,1991),their electrostaticproper-
ties aredifferent. The overall charge of azurinat pH 7 is � 1.0, andits dipole momenthasa
magnitudeof only 95 D. In spiteof their dissimilarelectrostaticproperties,both, azurinand
plastocyanin,havea hydrophobicpatchcloseto thecoppersite.

Therelativeorientationof thetwoplastocyaninsfoundwith theFAME algorithmisverysim-
ilar to an orientationfoundwith the Kabschalgorithm(Kabsch,1976;Kabsch,1978),which
minimizesthe distancesbetweenequivalentbackboneatomsof two proteins. As Table 2.1
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shows, the Hodgkin indices(eq 2.44) of the superpositions,found with the FAME algorithm
(0.92)andwith theKabsch-algorithm(0.91)arenearlyequal.ThebestHodgkinindex foundfor
Chlamydomonasreinhardtii plastocyaninandPseudomonasaeruginosaazurin(0.56)is consid-
erablelower thanthatfor thesuperpositionof thetwo plastocyanins.Althoughtheelectrostatic
potentialsof plastocyaninandazurinareratherdifferent,their hydrophobicpatchesoverlapin
the orientationwith the highestHodgkin index. This overlapshows, that analogoussurface
regionscanbeidentified,evenwhentheproteinscomparedhavedifferentoverallelectrostatics.

Theseresultsillustrate,that theHodgkinindex is a goodmeasureof thesimilarity of elec-
trostaticpotentialsof proteins.TheFAME algorithmis anunbiasedandmeaningfulmethodfor
aligningtwo proteinswith similar electrostaticsandcomparablesize. Theobtainedalignment
canbeusedto comparethefunctionalityof theseproteins.


