
Appendix A

Derivation of the Proton Linkage Model

Thederivationgivenhereis takenfrom Laskowski & Finkenstadt,1972andwasslightly mod-
ified without changingthebasicprinciples.Theoriginal derivationwas,however, doneearlier
(Wyman,1964).I give it herefor thesakeof completeness.

Givenis thefollowing associationreaction:

A
�

B �� AB (A.1)

Theequilibriumconstantis

KA �
�
AB ��

A � � B � (A.2)

Eachof thespeciesA, B, andAB canbind protons.Thetotal concentrationof A is thengiven
by

�
A � �

nA

∑
i � 0

�
AHnA � i � (A.3)

Analogousexpressionsareusedfor
�
B � and

�
AB � , respectively. TheneqA.2 canberewrittenas

KA �
nAB

∑
i � 0

�
ABHnAB � i �

nA

∑
i � 0

�
AHnA � i �

nB

∑
i � 0

�
BHnB � i �

(A.4)

wherenA, nB, andnAB arethenumbersof titratablegroupsof A, B, andAB, respectively. The
equilibriumbetweenthefully-protonatedspeciesis definedasreference1.

AnA

�
BnB �� ABnAB (A.5)

1Laskowski & Finkenstadt,1972allow thatalsoadditionalprotonbindingsitescanbecreateduponassocia-
tion. If however two proteinassociate,thenumberof protonbindingsitesdoesnot change.While Laskowski &
Finkenstadt,1972moregenerallyassumethat thenumberof protonbindingsitesin thedockedcomplex is given
by nAB � c 	 nA 	 nB, wherec representsthenumberof protonbindingsitescreateduponassociation,I assume
herethatnAB � nA 	 nB. Theextensionto theform usedin Laskowski& Finkenstadt,1972is in principlepossible,
but makesthederivationmorecomplicated.
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Theequilibriumconstantfor thereactionof thefully-protonatedspeciesis

Ko
A �

�
ABnAB ��

AnA � � BnB � (A.6)

Now anionizationconstantasshown for A in eqA.7 is introducedfor eachspecies.

�
AHnA � �� �

AHnA � i � � i
�
H 
�� ; L0A � 1; L iA �

�
AHnA � i � � H 
 � i�

AHnA � (A.7)

UsingeqA.6 andeqA.7, eqA.4 becomes

KA � Ko
A

nAB

∑
i � 0

�
H 
 � � iLiAB

nA

∑
i � 0

�
H 
 � � iLiA

nB

∑
i � 0

�
H 
 � � iLiB

(A.8)

Takingthelogarithmof bothsidesof eqA.8 anddifferentiatingwith respectto pH �� lg
�
H 
 � ,

weget

dlgKA

dpH � dlg � Ko
A �

dpH
� dlg � nAB

∑
i � 0

�
H 
 � � iLiAB �
dpH �

dlg � nA

∑
i � 0

�
H 
 � � iLiA �

dpH �
dlg � nB

∑
i � 0

�
H 
 � � iLiB �

dpH
(A.9)

Thederivationof thelastthreetermsis demonstratedfor A

dlg � nA

∑
i � 0

�
H 
 � � iLiA �

dpH � � �
H 
 �

nA

∑
i � 0

�
H 
 � � iLiA

d
nA

∑
i � 0

�
H 
 � � iLiA

d
�
H 
 �

�
�
H 
 � nA

∑
i � 0

i
�
H 
 � � i � 1LiA

nA

∑
i � 0

�
H 
 � � iLiA

(A.10)

� � iA �
where� iA � representrespectively theaveragenumberof protonsreleasedfromthefully-protonated
form at thepH of interest.Therefore,weobtain

dlgKA

dpH � q ��� iAB � ��� iA � ��� iB � (A.11)

where � iA � , � iB � , and � iAB � representstheaveragenumberof protonsreleasedfrom the fully-
protonatedform of A, B, or AB at the pH of interest. Therefore,q is the numberof protons
releaseduponassociation.ThereactionequilibriumatadefinedpH is thengivenby

AHnA ��� iA � � BHnB ��� iB � �� ABHnAB ��� iAB � � � � iAB � ��� iA � ��� iB � � H 
 (A.12)

IntegratingeqA.11 overpH resultsin

lgKA � pH2 � � lgKA � pH1 � �
pH2�

pH1

qdpH (A.13)

Therefore,if theassociationconstantat pH1 is known, theassociationconstantat pH2 is sup-
posedto begivenby theexpressionabove. An analogousexpressionfor thepH dependenceof
redoxpotentialcanbeeasilyderived.



Appendix B

Cluster Algorithm

Clusteranalysisis usedto relateobjectson the basisof an object specificquantityusing a
defineddistancemeasure.A large variety of clusteralgorithmsexists (Jain& Dubes,1988).
Someof themhave beenappliedto clustermolecularconformations(Torda& vanGunsteren,
1994; Shenkin& McDonald,1994; Boutonnetet al., 1995). Here, I describea new type of
algorithmthatErnst-WalterKnappandI developedandimplementedduringmy PhDwork to
clustermolecularconformationson thebasisof their meansquaredeviations(Ullmannet al.,
1998b).

B.1 Scoring Function

Givenis asetof M molecularstructures���xi � , i � 1 ������� � M. Eachstructure�xi consistsof n atoms
�xi � j � ; �xi � �!�xi � 1� ������� �"�xi � n��� . This setcanbe subdivided into N clusters. Eq B.1 definesthe
averagestructure� �x� k of clusterk with mk elements.

� �x� k � 1
mk

mk

∑
i � 1

�xi ;
N

∑
k� 1

mk � M (B.1)

The averagestructureof a clustercan also be interpretedas the centerof this cluster. The
squareddistanced2 � o � p� betweentwo structureso andp is givenby eqB.2.

d2 � o � p� � 1
n

n

∑
j � 1

�#�xo � j � � �xp � j ��� 2 (B.2)

where �xo � j � designatesthe j-th atomof structureo, n is thenumberof atomsin thestructure.
Thevarianceof clusterk � ∆x2 � k is definedasthemeansquaredistancebetweentheelementsof
theclusterandtheclustercenter(eqB.3).

� ∆x2 � k � 1
mk

mk

∑
p� 1

1
n

n

∑
i � 1

�!�xp � i � ��� �x � i � � k � 2

� 1
mk

mk

∑
p� 1

d2 � p � � k � � (B.3)

(B.4)
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wheremk is thenumberof elementsof clusterk. Thesquareddistancebetweentwo clustersk
andl canbedefinedasthedistanceof thecentersof thesetwo clustersasd2 � � k � � � l � � givenin
eqB.2.

Now, wedefinethescoringfunctionS in eqB.5,

S � a
N

∑
i � 1

� ∆x2 � i � N � 1
M � 1 � ∆x2 � (B.5)

wherea is a tuningparameterto vary theaverageclustersize,n is thenumberof clusters,m is
thetotalnumberof structures,� ∆x2 � i is thevarianceof clusteri, and � ∆x2 � is thetotal variance
over all structures.Minimization of this scoringfunction leadsto a small variancewithin the
clusters. The numberof clustersbecomes,however, not too large dueto the secondterm in
eqB.5.

An implementationof theequationsoutlinedabovewould requireanupdateof theaverage
structureafter eachstep. The variancemust thereforebe calculatedfrom scratchafter each
step.Themeansquaredeviationbetweenthecenterof theclusterandeachof its elementsmust
be recalculated,becausethe centerof the clusterchanges.This would leadto an enormous
computationalburden.It can,however, beshown that

� ∆x2 � k � 1
mk

mk

∑
p� 1

d2 � p � � k � � (B.6)

� 1
2mk

2

mk

∑
p� 1

mk

∑
o� 1

d2 � p � o�
Thereformulationof theeqB.3 in eqB.6 allows theuseof a precalculatedmeansquaredevia-
tion matrix in theclusteralgorithm.Thevarianceof eachclustercanbeupdatedandmustnot
becalculatedfrom scratchaftereachstep.

B.2 Data Organization and Implementation

Theclusteralgorithmis written in theprogramminglanguageC (Kernighan& Ritchie,1990).
To implementtheclusteralgorithmefficiently, it is requiredto addandremove elementsfrom
a list. For thatpurpose,we developeda double-linkedlist, which makesit possibleto remove
elementseven from the middleof a linked list andrepairthe remaininglist. Theclustersare
groupedin adouble-linkedlist (FigureB.1a).Eachclusteris astructurethatcontainsapointer
prev pointing to the previous cluster, a pointernext pointing to the next cluster, a pointer
Element pointing to a double-linked list of elements,an integerno elements thatcounts
thenumberof elementsof thecluster, anda realnumbervariance thatcontainsthevariance
of thecluster.

struct Cluster_struct {struct Element_struct *element;
struct Cluster_struct *prev;
struct Cluster_struct *next;
int no_elements;
double variance;

};

Thepointerprev of thefirst clusterandthepointernext of thelastclusterpoint to NULL. If
aclusteris removedfrom adouble-linkedlist, thepointerareredirected.
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Figure B.1: Dataorganizationfor the clusteralgorithm. a) Double-linked list of clusters. To each
clustera double-linked list of elementsis assigned.b) Double-linked list of elementsassignedto each
cluster. Eachelementcontainsa pointerto thatclusterto which it is assigned.c) One-dimensionalarray
of elements.The numberassignedto eachelementcorrespondsto the positionof this elementin the
one-dimensionalarray.
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if ((*cluster).next!=NULL) /* if not at the end of the list */
{help=(*cluster).next;
(*help).prev=(*cluster).prev;
}

if ((*cluster).prev!=NULL) /* if not the top of the list */
{help=(*cluster).prev;
(*help).next=(*cluster).next;
/* search for the top of the list */
while ((*help).prev!=NULL) {help=(*help).prev;}
}

else {help=(*cluster).next; /* help is now the top of the list */
}

After thisprocedure,thevariablehelp pointsto thetopof thedouble-linkedlist of clusters.A
new clusteris alwaysaddedto thetopof thedouble-linkedlist.

(*top).prev=new_cluster; /* Pointer redirection */
(*new_cluster).next=top;

Thedouble-linkedlist of elementsis constructedsimilarly to thedouble-linkedlist of clus-
ters,i. e.,eachelementis astructurethatcontainstwo pointers,prev andnext pointingto the
previousandthenext clusterin thedouble-linkedlist respectively. Besides,eachelementhasa
pointercluster to theclusterto which theelementis assignedand.anintegernumber that
assignsthiselementto apositionin anonedimensionalarray(FigureB.1c).

struct Element_struct {int number;
struct Cluster_struct *cluster;
struct Element_struct *prev;
struct Element_struct *next;

};

Addition andeliminationof anelementto or from thedouble-linkedlist is doneanalogouslyto
theadditionandeliminationof clusterto or from thedouble-linkedlist show above.Thisinteger
is requiredto accessthe meansquaredeviation in the precalculatedmeansquaredeviation
matrix.

Thealgorithmusesseveralelementarysteps:it movesanelementfrom oneclusterto an-
other, it mergestwo clusters,it dividesoneclusterinto two new clusters,andit sprinklesone
cluster, i. e.,assignstheelementsof oneclusterto otherclusters.A stepis acceptedor rejected
accordingto theMetropoliscriterion(Metropoliset al., 1953)in orderto avoid to get trapped
in a localminimum.FigureB.2 showstheflow chartof theprogram.Thefollowing commands
canbecurrentlycombinedin theprogram.

distribute elements. This commandgeneratesthe initial distribution of the elementsto
clusters.In thefirst step,oneclusteris createdandthefirst elementis put into thiscluster. The
otherelementsareput into theclustersalreadycreatedin theproceedingstepsof this routineif
themeansquaredeviationbetweenthiselementandall elementsin theclusteris smallerthana
giventhreshold,otherwiseit is put into anewly-createdcluster.

random element move. Thiscommandmovesarandomly-selectedelementtoarandomly-
selectedcluster.

systematic element move1. This commandmoves a randomly-selectedelementto the
clusterthat hasthe smallestdistanceto the selectedelementbut is not the clusterto which
theelementis assigned.
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Figure B.2: Flow Chartof theClusterAlgorithm Program.A stepis acceptedor rejectedaccordingto
theMetropoliscriterion.Theclusteringis iterateduntil convergenceis reached,i. e.,until thedifference
betweentheold andthenew scoreis smallerthanagiventhreshold.

random cluster divide. This commanddividesa randomly-selectedcluster. Theelements
that have the largestdistancein the selectedclusterareput into two newly-createdseparate
clusters. The otherelementsaresortedto oneof thesetwo clustersaccordingto their mean
squaredeviation from thefirst elementin thenewly-createdcluster.

systematic cluster divide. Thiscommanddividestheclusterwith thelargestvariance.The
actualdivideoccursin thesamewayasin randomclusterdivide.

random cluster sprinkle. This commandsprinklesa randomly-selectedcluster, i. e., its
elementsareassignedto theclusterto thattheelementshavethesmallestdistance.Theselected
clusteris eliminatedafterthismove.

limit cluster sprinkle. This commandsprinklesa randomly-selectedclusterif thenumber
of elementsis smallerthanagivennumber.

systematic cluster sprinkle. Thiscommandsprinklestheclusterwith thelargestvariance.
random cluster merging. Thiscommandmergestwo randomly-selectedclusters.
systematic cluster merging. This commandmergestheclusterswhich have the smallest

distancefrom eachother.
repeat until convergence. The lastN stepof the script are repeateduntil the difference

betweenthe old scoreandthe new scoreis smallerthana given threshold,i. e., until the run
converged.
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Appendix C

Sequences

All sequenceswereobtainedfrom SWISSPROT.

Cytochromef
60 70

Higher Plants
Brassicarapa (turnip) ����� VLANG% % % KGALN �����
Oenothera hookeri (primose) ����� VLANG% % % KGGLN �����
Nicotianatabacum (tobacco) ����� VLANG% % % RGGLN �����
Spinaciaoleracea (spinach) ����� VLANG% % % KGGLN �����
Glycinemax (soybean) ����� VLANG% % % KGALN �����
Pisumsativum (gradenpea) ����� VLANG% % % KGALN �����
Vicia faba (broadbean) ����� VLANG% % % KGALN �����
Triticum aestivum(wheat) ����� VLANG% % % KGGLN �����
Zeamays (maize) ����� VLANG% % % KGGLN �����
Oryzasativa (rice) ����� VLANG% % % KGGLN �����
Pinusthunbergii (greenpine) ����� VLANG% % % KGALN �����
Marchantiapolymorpha ����� VLANG% % % KGSLN �����
Eukaryotic Algae
Chlorophyta(GreenAlgae)
Chlamydomonasreinhardtii ����� VLANG% % % KGDLN �����
Bacillariophyta(Diatoms)
Odontellasinensis ����� VGANG% % % KADLN �����
Glaucophyta
Cyanophora paradoxa ����� IQANGQKGPLN �����
Rhodophyta(RedAlgae)
Porphyra purpurea ����� ILGNGSKGGLN �����
Cyanobacteria
Synechocystis (StrainPCC6803) ����� VLGDGSKGGLN �����
Synechococcus(StrainPCC7002) ����� VLGDGSKGGLN �����
Nostoc (StrainPCC7906) ����� VGADGSKVGLN �����
Phormidiumlaminosum ����� VQADGSKGPLN �����

Residues60 through70 in all known sequencesof cytochrome f . The residueLys65 is
missingin thecytochromesf from cyanobacteriaandsomeprimitiveeukaryoticalgae.
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Cytochromec6
50 60

Eukaryotic Algae
Chlorophyta(GreenAlgae)
Chlamydomonasreinhardtii ����� I& & & QVENGKGAM �����
Monoraphidiumbraunii ����� V& & & QIENGKGAM �����
Bryopsismaxima ����� TSQVRNGKGAM �����
Euglenophyta
Euglenagracilis ����� E& & & QVRNGKGPM �����
Euglenaviridis ����� E& & & QVRNGKGPM �����
Phaeophyta(Brown Algae)
Petaloniafascia ����� T& & & QVTNGKNAM �����
Alaria esculenta ����� T& & & QVTNGKNAM �����
Rhodophyta(RedAlgae)
Porphyra tenera ����� T& & & QVQNGKNAM �����
Porphyra purpurea ����� T& & & QVTNGKNAM �����
Xanthophyta(Yellow Algae)
Bumilleriopsisfiliformis ����� T& & & QVTNGKNAM �����
Chrysophyta(GoldenAlgae)
Monochrysislutheri ����� V& & & QVTNGKNAM �����
Cyanobacteria
Spirulinamaxima ����� A& & & QVTNGKNAM �����
Synechococcuslividus ����� I& & & QVQHGKNAM �����
Synechococcussp. ����� M& & & QVQNGKNAM �����
Synechococcus(StrainPCC7942) ����� TTQVTNGKGAM �����
Synechocystis (StrainPCC6803) ����� VAQITNGNGAM �����
Microcysisaeruginosa ����� VTQVTKGMGAM �����
Anacystisnidulans ����� TTQVTNGKGAM �����
Aphanizomenonflos� aquae ����� GAQVTNGKNAM �����
Plectonemaboryanum ����� IAQVTHGKGAM �����
Anabaenavariabilis ����� VAQVTNGKGAM �����
Anabaena(StrainPCC7120) ����� IAQVTNGKNAM �����
Anabaena(StrainPCC7937) ����� IAQVTNGKNAM �����

Residues50through60in all known sequencesof cytochromec6. TheresidueTyr51,which
is alignedwith the dipole momentof the protein,is replacesby non-aromaticaminoacidsin
cytochromec6 of many species.
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Cytochromec6
60 70

Eukaryotic Algae
Chlorophyta(GreenAlgae)
Chlamydomonasreinhardtii ���'� MPA( ( ( AD) ) ) LSEE �����
Monoraphidiumbraunii ���'� MPA( ( ( DG) ) ) LDED �����
Bryopsismaxima ���'� MPA( ( ( SD) ) ) LDDE �����
Euglenophyta
Euglenagracilis ���'� MPA( ( ( EGVLSED �����
Euglenaviridis ���'� MPA( ( ( EGVLDES �����
Phaeophyta(Brown Algae)
Petaloniafascia ���'� MPA* * * GG) ) ) LSET �����
Alaria esculenta ���'� MPA* * * GS) ) ) LAET �����
Rhodophyta(RedAlgae)
Porphyra tenera ���'� MPA* * * GG) ) ) LVDE �����
Porphyra purpurea ���'� MPA* * * GG) ) ) LVDE �����
Xanthophyta(Yellow Algae)
Bumilleriopsisfiliformis ���'� MPA* * * GG) ) ) LSDS �����
Chrysophyta(GoldenAlgae)
Monochrysislutheri ���'� MPA* * * GG) ) ) LEDD �����
Cyanobacteria
Spirulinamaxima ���'� MPG* * * NG) ) ) LSPK �����
Synechococcuslividus ���'� MPA* * * AG) ) ) LTDE �����
Synechococcussp. ���'� MPA* * * GG) ) ) LSEA �����
Synechococcus(StrainPCC7942) ���'� MPA* * * GS% % % LSAD �����
Synechocystis (StrainPCC6803) ���'� MPG* * * KG) ) ) ISDS �����
Microcysisaeruginosa ���'� MPA* * * GG) ) ) LSAE �����
Anacystisnidulans ���'� MPA* * * GA% % % LSAD �����
Aphanizomenonflos� aquae ���'� MPA* * * GI) ) ) LKAE �����
Plectonemaboryanum ���'� MPA* * * KG) ) ) LSDD �����
Anabaenavariabilis ���'� MPA* * * KG) ) ) LKPE �����
Anabaena(StrainPCC7120) ���'� MPA* * * KG) ) ) LKPE �����
Anabaena(StrainPCC7937) ���'� MPA* * * KG) ) ) LKPD �����

Residues60 through70 in all known sequencesof cytochromec6. Only tryptophane(W) or
phenylalanine(F) is foundat position63. The aromaticgroupmay interactwith cationicthe
sidechainof arginine(R) or lysine(K) atposition66to form acation-π complex. Thiscationic
residueis missingin thetwo Euglenophyta.
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Plastocyanin
80 90

Higher Plants
Populusnigra (poplar) ����� YSF& & && & && & & CSPHQGA �'���
Phaseolusvulgaris (Frenchbean) ����� YSF& & & CSPHQGA �'���
Vicia faba (broadbean) ����� YKF& & & CSPHQGA �'���
Pisumsativum (gradenpea) ����� YKF& & & CSPHQGA �'���
Nicotianatabacum (tobacco) ����� YTF& & & CAPHQGA �'���
Solanumtuberosum (potato) ����� YTF& & & CAPHQGA �'���
Solanumcrispum (potatotree) ����� YSF& & & CSPHQGA �'���
Lycopersiconesculentum(tomato) ����� YTF& & & CAPHQGA �'���
Lactucasativa (lettuce) ����� YSF& & & CAPHQGA �'���
Capsellabursa-pastoris ����� YSF& & & CAPHQGA �'���
Arabidopsisthaliana (cress) ����� YGF& & & CAPHQGA �'���
Silenepratensis (whitecampion) ����� YKF& & & CAPHAGA �'���
Spinaciaoleracea (spinach) ����� YKF& & & CSPHQGA �'���
Cucumissativus (cucumber) ����� YSF& & & CSPHQGA �'���
Cucurbitapepo (squash) ����� YSF& & & CSPHQGA �'���
Petroselinumcrispum (parsley) ����� YKF& & & CEPHAGA �'���
Daucuscarota (carrot) ����� YKF& & & CEPHAGA �'���
Mercurialis perennis ����� YSF& & & CSPHQGA �'���
Sambucusnigra (europeanelder) ����� YKF& & & CSPHQGA �'���
Rumex obtusifolius (bitterdock) ����� YSF& & & CSPHQGA �'���
Hordeumvulgare (barley) ����� YGF& & & CEPHAGA �'���
Oryzasativa (rice) ����� YGF& & & CEPHAGA �'���
Eukaryotic Algae
Chlorophyta(GreenAlgae)
Chlamydomonasreinhardtii ����� YGY& & & CEPHQGA �'���
Chlorella fusca ����� YGY* * * CEPHQGA �'���
Scenedesmusobliquus ����� YGY* * * CEPHQGA �'���
Ulva arasakii ����� YGV& & & CEPHAGA �'���
Enteromorphaprolifera ����� YGV& & & CDPHSGA �'���
Cyanobacteria
Prochlorothrix hollandica ����� YSF& & & CTPH) ) ) GA ���'�
Synechocystis (StrainPCC6803) ����� YTY& & & CEPH) ) ) GA ���'�
Anabaenavariabilis ����� YTF& & & CEPH) ) ) GA ���'�
Anabaena(StrainPCC7937) ����� YSF& & & CEPH) ) ) GA ���'�
Anabaena(StrainPCC7120) ����� YTF& & & CEPH) ) ) GA ���'�
Phormidiumlaminosum ����� YTY& & & CAPH) ) ) GA ���'�

Residues80through90in all knownsequencesof plastocyanin.Thetyrosine(Y) atposition
83 is replacedby aphenylalanine(F) in two of thesequences.Thearomaticgroupmayinteract
with the cationicsidechainof Arg88, which is conserved in cyanobacterialplastocyanin, to
form acation-π complex.


