Appendix A

Derivation of the Proton Linkage M odel

Thederivationgivenhereis takenfrom Laskowski & Finkenstadt,1972andwasslightly mod-
ified without changingthe basicprinciples. The original dervationwas,however, doneearlier
(Wyman,1964).1 give it herefor the sale of completeness.

Givenis thefollowing associatiomeaction:

A+B+=AB (A.1)
Theequilibriumconstants
[AB]
Ka= —= (A.2)
[A][B]

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

NA

A= 3 (At (A3)

Analogousexpressionsreusedfor [B] and[AB], respectiely. ThenegA.2 canberewrittenas

S [ABH 1]
KA: o i=0 - (A4)
éo[AH -] igo[BHnB_i]

wherena, ng, andnag arethe numbersof titratablegroupsof A, B, andAB, respectiely. The
equilibriumbetweerthefully-protonatedspeciess definedasreferencé.

An, +Bng = ABn,; (A.5)

ILaskowski & Finkenstadt1972allow thatalsoadditionalprotonbinding sitescanbe createduponassocia-
tion. If however two proteinassociatethe numberof protonbinding sitesdoesnot change.While Laskowski &
Finkenstadt1972moregenerallyassumehatthe numberof protonbinding sitesin the docked complex is given
by nag = ¢+ na + ng, wherec representshe numberof protonbinding sitescreateduponassociation| assume
herethatnag = na + hg. Theextensionto theform usedn Laskowski & Finkenstadt1972isin principlepossible,
but makesthe derivationmorecomplicated.
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Theequilibriumconstantor thereactionof thefully-protonatedspeciess
[ABnAB]

KS= —— 28 (A.6)
A [AnA][BnB]
Now anionizationconstantasshowvn for A in egA.7 is introducedor eachspecies.
. AHp,—i][H*]'
[AHm] = [AHn ]+ Loa=1 L= Al )
[AHHA]
UsingegA.6 andegA.7, eqA.4 becomes
NaB i
> [H] 'Lias
K= KR (A.8)

N .
2 [H+]"LiA_ZO[H+]—'LiB
1= 1=

Takingthelogarithmof bothsidesof eqA.8 anddifferentiatingwith respecto pH = —Ig[H ],
we get

NAB

dig( 3 [H*] 'Lias) dlg(nf[Hﬂ—il_iA) d|9(_iZB[H+]_iLiB)

digKa  dlg(KR) iZ0 iZ0 0
dpH ~ dpH + dpH B dpH B dpH (A-9)
Thederivationof thelastthreetermsis demonstratetbr A
na . Na .
dl HT'L dy [HF7'L
g(igo[ ] |A) B _[H+] i:ZO[ ] IA
N . +
dpH M [H*]1Lia d[H"]
1=
na .
[HH] 5 i[H]' " Lia
= =0 (A.10)

nf [H+]-1Lia

1=
= (ia)
where(ia) representespectiely theaveragenumberof protongreleasedrom thefully-protonated
form atthe pH of interest.Thereforewe obtain

o = 0= (iag) (i) = {i) (a11)

where(ia), (i), and(iag) representshe averagenumberof protonsreleasedrom the fully-
protonatedorm of A, B, or AB at the pH of interest. Therefore g is the numberof protons
releasediponassociationThereactionequilibriumata definedpH is thengivenby

AHnA—(iA) + BHnB—(iB) = ABHnAB_<iAB> + ((iAB> - <iA) - <i|3>)H+ (A.12)
IntegratingeqA.11 over pH resultsin

pH;
IgKa(pHz) — IgKa(pH1) = / qdpH (A.13)
pH1
Therefore|f the associatiorconstan@at pHj is known, the associatiorconstantat pHo is sup-

posedo begivenby the expressiorabove. An analogougxpressiorfor the pH dependencef
redoxpotentialcanbeeasilyderived.



Appendix B
Cluster Algorithm

Clusteranalysisis usedto relate objectson the basisof an object specificquantity using a
defineddistancemeasure.A large variety of clusteralgorithmsexists (Jain& Dubes,1988).
Someof themhave beenappliedto clustermolecularconformationgTorda& vanGunsteren,
1994; Shenkin& McDonald, 1994; Boutonnetet al., 1995). Here,| describea new type of
algorithmthat Ernst-Walter Knappand| developedandimplementedduring my PhDwork to
clustermolecularconformationon the basisof their meansquaredeviations(Ullmannetal.,
1998b).

B.1 Scoring Function

Givenis asetof M molecularstructureg%;},i =1,..., M. Eachstructurex; consistof n atoms
Xi()); %= (X(2),...,%(n)). This setcanbe subdvidedinto N clusters. Eq B.1 definesthe
averagestructure(X)y of clusterk with my elements.

L k
= Ei;x, S m=M (B.1)

k=1

The averagestructureof a clustercan also be interpretedas the centerof this cluster The
squaredlistanced?(o, p) betweertwo structures andp is givenby eqB.2.

ZSIH

Z (i) —%p(i))? (B.2)

whereX,(j) designateshe j-th atomof structureo, n is the numberof atomsin the structure.
Thevarianceof clusterk (Ax?)y is definedasthemeansquaredistancebetweerthe elementsof
theclusterandthe clustercenter(eqB.3).

My n
@0 = 313 el = (20
1 Tk
= & 2. FR) ®3)
p:
(B.4)
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wheremy is the numberof elementof clusterk. The squareddistancebetweerntwo clustersk
andl canbe definedasthe distanceof the centersof thesetwo clustersasd?((k), (1)) givenin
eqB.2.

Now, we definethe scoringfunctionSin eqB.5,

N N-1
S=a¥ (M) + ——(AxX%) (B.5)
i; M-1
wherea is atuning parameteto vary the averageclustersize,n is the numberof clustersmis
the total numberof structures{Ax?); is the varianceof clusteri, and(Ax?) is thetotal variance
over all structures.Minimization of this scoringfunctionleadsto a small variancewithin the
clusters. The numberof clustersbecomeshowever, not too large dueto the secondtermin
eqB.5.

An implementatiorof the equationoutlinedabove would requireanupdateof theaverage
structureafter eachstep. The variancemustthereforebe calculatedfrom scratchafter each
step. Themeansquaredeviation betweerthe centerof the clusterandeachof its elementsnust
be recalculatedpecausdhe centerof the clusterchanges.This would leadto an enormous
computationaburden.It can,however, be shavn that

(D) = im(dz K B.6
kK = wp; (P, (k) (B.6)

1”1<le<

= d?(p,o
2m¢é leoZl (m,0)

Thereformulationof theeqB.3 in eqB.6 allowstheuseof a precalculatedneansquaredevia-
tion matrixin the clusteralgorithm. The varianceof eachclustercanbe updatedandmustnot
be calculatedrom scratchaftereachstep.

B.2 Data Organization and I mplementation

The clusteralgorithmis written in the programmindganguageC (Kernighan& Ritchie, 1990).
To implementthe clusteralgorithmefficiently, it is requiredto addandremove elementdrom

alist. For thatpurposewe developeda double-linkedlist, which makesit possibleto remove

elementsven from the middle of a linked list andrepairthe remaininglist. The clustersare
groupedn adouble-linkedlist (FigureB.1a). Eachclusteris a structurethatcontainsa pointer
pr ev pointing to the previous cluster a pointernext pointing to the next cluster a pointer
El enent pointingto a double-linkedlist of elementsanintegerno_el enent s thatcounts
thenumberof elementof the cluster andarealnumbervar i ance thatcontainghevariance
of thecluster

struct Cluster_struct {struct El enment_struct *el ement ;
struct O uster_struct *prev,;
struct Cluster_struct *next ;
i nt no_el enent s;
doubl e vari ance;
1

Thepointerpr ev of thefirst clusterandthe pointernext of thelastclusterpointto NULL. If
aclusteris removedfrom adouble-linkedlist, the pointerareredirected.
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Figure B.1: Dataorganizationfor the clusteralgorithm. a) Double-linked list of clusters. To each
clustera double-linled list of elementds assignedb) Double-linked list of elementsassignedo each
cluster Eachelementcontainsa pointerto thatclusterto whichit is assignedc) One-dimensionarray
of elements.The humberassignedo eachelementcorrespondso the positionof this elementin the

one-dimensionarray
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if ((*cluster).next!=NULL) /* if not at the end of the list */
{hel p=(*cl uster).next;
(*hel p). prev=(*cluster). prev;
}
if ((*cluster).prev!=NULL) /* if not the top of the list */
{hel p=(*cl uster). preyv;
(*hel p). next=(*cl uster). next;
/* search for the top of the list */
while ((*hel p).prev!=NULL) {hel p=(*hel p).prev;}
}

el se {hel p=(*cluster).next; /* help is nowthe top of the list */

}

After this procedurethevariablehel p pointsto thetop of thedouble-linkedlist of clusters A
new clusteris alwaysaddedo thetop of thedouble-linledlist.

(*top).prev=new cluster; /* Pointer redirection */
(*new_cl ust er). next =t op;

Thedouble-linkedlist of elementss constructedgimilarly to the double-linkedlist of clus-
ters,i. e.,eachelements astructurethatcontaingwo pointerspr ev andnext pointingto the
previousandthe next clusterin thedouble-linlkedlist respectrely. Besidesgachelementasa
pointercl ust er to theclusterto whichthe elements assignednd.anintegernunber that
assignghis elemento a positionin anonedimensionahrray(FigureB.1c).

struct El enent_struct {int nunber ;
struct Custer_struct *cl uster;
struct El ement _struct *prev,
struct El enent _struct *next ;
1

Addition andeliminationof anelemento or from the double-linledlist is doneanalogouslyo
theadditionandeliminationof clusterto or from thedouble-linkedlist shav above. Thisinteger
is requiredto accesshe meansquaredeviation in the precalculatedneansquaredeviation
matrix.

The algorithmusesseveral elementarysteps:it movesan elementfrom one clusterto an-
other it meigestwo clusters,it dividesoneclusterinto two new clustersandit sprinklesone
clusteri. e.,assignghe elementf oneclusterto otherclusters A stepis acceptear rejected
accordingto the Metropoliscriterion (Metropolisetal., 1953)in orderto avoid to gettrapped
in alocal minimum. FigureB.2 shovstheflow chartof the program.Thefollowing commands
canbecurrentlycombinedn the program.

distribute_elements. This commandgenerateshe initial distribution of the elementsto
clusters.In thefirst step,oneclusteris createdandthefirst elemenis putinto this cluster The
otherelementsareputinto the clustersalreadycreatedn the proceedingtepsof this routineif
themeansquaredeviation betweerthis elementandall elementsn theclusteris smallerthana
giventhresholdptherwiseit is putinto a newly-createdcluster

random_element_move. Thiscommandnovesarandomly-selectedlemento arandomly-
selectectluster

systematic_element_movel. This commandmoves a randomly-selecte@lementto the
clusterthat hasthe smallestdistanceto the selectedelementbut is not the clusterto which
theelemenis assigned.
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Figure B.2: Flow Chartof the ClusterAlgorithm Program.A stepis acceptedr rejectedaccordingo
the Metropoliscriterion. The clusteringis iterateduntil corvergenceis reachedi. e., until thedifference
betweertheold andthenew scoreis smallerthana giventhreshold.

random_cluster _divide. Thiscommandlividesarandomly-selectedluster Theelements
that have the largestdistancein the selectedclusterare put into two newly-createdseparate
clusters. The otherelementsare sortedto one of thesetwo clustersaccordingto their mean
squaredeviation from thefirst elementn the newly-createdcluster

systematic_cluster _divide. Thiscommandlividestheclusterwith thelargestvariance.The
actualdivide occursin the sameway asin randomclusterdivide.

random_cluster _sprinkle. This commandsprinklesa randomly-selectedluster i. e., its
elementsareassignedo theclusterto thattheelementhave thesmallesdistance Theselected
clusteris eliminatedafterthis move.

limit_cluster _sprinkle. Thiscommandsprinklesarandomly-selectedlusterif thenumber
of elementss smallerthanagivennumber

systematic_cluster _sprinkle. Thiscommandsprinklesthe clusterwith thelargestvariance.

random_cluster_merging. Thiscommandneigestwo randomly-selectedlusters.

systematic_cluster _merging. This commandmeigesthe clusterswhich have the smallest
distancerom eachother

repeat_until_convergence. The last N stepof the script are repeateduntil the difference
betweerthe old scoreandthe new scoreis smallerthana giventhreshold,i. e., until the run
converged.
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Appendix C

Seguences

All sequencewereobtainedirom SwissPROT.

Cytochromef
60 70

Higher Plants
Brassicarapa ( turnip) ... VLANGKXKGALN. ..
Oenothea hooleri ( primose) ... VLANGXKGGALN. ..
Nicotianatabacum ( tobacco) ... VLANGXRGGALN. ..
Spinaciaoleracea ( spinach) ... VLANGKXKGCGLN. ..
Glycinemax ( soybean) ... VLANGKXKGALN. ..
Pisumsativum ( gradenpea) ... VLANGKXKGALN. ..
Vicia faba ( broadbean) ... VLANXKGALN. ...
Triticum aestivum ( wheat) ... VLANGKXKGCLN. ..
Zeamays ( maize) ...VLANKXKGALN. ...
Oryzasativa ( rice) ... VLANKXKGGELN. ...
Pinusthunbepgii ( greenpine) ... VLANGKXKGALN. ..
Marchantiapolymorpha .. VLANGXKGSLN. ..
Eukaryotic Algae
ChlorophytaGreenAlgae)
Chlamydomonarseinhadtii ..VLANXKGDLN....
Bacillariophyta(Diatoms)
Odontellasinensis ..VGANKKADLN. ..
Glaucophyta
Cyanophoa paradoxa ..1 QANGQKGPLN...
RhodophytqRedAlgae)
Porphyra purpurea ..| LGNGSKGA-N...
Cyanobacteria
Synebocystis ( StrainPCC6803) ...VLGDGSKGGELN. ..
Synebococcus( StrainPCC7002) ...VLGDGSKGGELN...
Nostoc ( StrainPCC7906) ..VGADGSKVQALN. ...
Phormidiumlaminosum ..VQADGSKGPLN...

Residues0 through70 in all known sequencesf cytochromef. TheresiduelLys65is
missingin the cytochromesf from cyanobacteriandsomeprimitive eukaryoticalgae.
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Cytochromecg
50 60

Eukaryotic Algae
ChlorophytaGreenAlgae)
Chlamydomonareinhaudtii ...l YQVENGKGAM..
Monoraphidiumbraunii ...\VWYQ ENGKGAM..
Bryopsismaxima .. TSQVRNGKGAM ...
Euglenophyta
Euglenagracilis ... EYQVRNGKGPM ...
Euglenaviridis ..EYQVRNGKGPM ..
Phaeophyté&Brown Algae)
Petaloniafascia ... TYQUVTNGKNAM ...
Alaria esculenta .. TYQVTNGKNAM ..
RhodophytqRedAlgae)
Porphyratenera ... TYQVONGKNAM ...
Porphyra purpurea .. TYQVTNGKNAM ..
XanthophytgYellow Algae)
Bumilleriopsisfiliformis .. TYQVTNGKNAM ..
ChrysophytqdGoldenAlgae)
Monodrysislutheri .. VYQVTNGKNAM ..
Cyanobacteria
Spirulinamaxima .. .AYQVTNGKNAM ...
Synebococcusdividus ... YQVQHGKNAM ...
Synebococcusp. ... MFQVONGKNAM ...
Synebococcus( StrainPCC7942) ... TTQVTNGKGAM..
Synebocystis ( StrainPCC6803) ...VAQ TNGNGAM..
Microcysisaeruginosa ... VTQVTKGVGAM ...
Anacystiqidulans ... TTQVTNGKGAM ..
Aphanizomenofios—aquae ... GAQVTNGKNAM.. .
Plectonemdoryanum ... | AQVTHGKGAM..
Anabaenavariabilis ... VAQVTNGKGAM.. .
Anabaena( StrainPCC7120) ... AQVTNGKNAM ..
Anabaena( StrainPCC7937) .. AQVTNGKNAM. .

Residues0through60in all known sequencesf cytochromecs. Theresiduelyr51,which
is alignedwith the dipole momentof the protein,is replacesy non-aromatiaminoacidsin
cytochromecg of mary species.



Cytochromecg

60 70
Eukaryotic Algae
ChlorophytaGreenAlgae)
Chlamydomonareinhaudtii ...MPAWACRL SEE. ..
Monoraphidiumbraunii ...MPAWDRLDED...
Bryopsismaxima ..MPAWSCRLDDE. ..
Euglenophyta
Euglenagracilis ...MPAWEGVLSED...
Euglenaviridis ..MPAWEGVLDES...
Phaeophyt&Brown Algae)
Petaloniafascia ...MPAFG®RLSET...
Alaria esculenta ..MPAFGSRLAET...
RhodophytdRedAlgae)
Porphyratenea ...MPAFGRLVDE. ..
Porphyra purpurea ..MPAFG®RLVDE...
XanthophytgYellow Algae)
Bumilleriopsisfiliformis ..MPAFGRLSDS. ..
ChrysophytqdGoldenAlgae)
Monodrysislutheri ..MPAFGRLEDD. ..
Cyanaobacteria
Spirulinamaxima ... MPGFN&RLSPK. ..
Synebococcudividus ...MPAFA@RLTDE...
Synebococcusp. ...MPAFGRLSEA. ..
Synebococcus( StrainPCC7942) ... MPAFGSKLSAD...
Synebocystis ( StrainPCC6803) ...MPGFK@I SDS...
Microcysisaeruginosa ...MPAFGIRLSAE. ..
Anacystiiidulans ...MPAFGAKL SAD. ..
Aphanizomenoflos—aquae ...MPAFG RLKAE. ..
Plectonemdoryanum ...MPAFK@&RLSDD. ..
Anabaenavariabilis ...MPAFK@&RLKPE. ..
Anabaena( StrainPCC7120) ..MPAFK@&RLKPE. ..
Anabaena( StrainPCC7937) ..MPAFK@&RLKPD...

Residues0 through70 in all known sequencesf cytochromecs. Only tryptophangW) or
pherylalanine(F) is found at position63. The aromaticgroup may interactwith cationicthe
sidechainof arginine (R) or lysine (K) at position66 to form a cation7tcomple. This cationic
residues missingin thetwo Euglenophyta.
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Plastoganin
80 90

Higher Plants
Populusnigra ( poplar) ... YSFYCSPHQGA. ..
Phaseoluwulgaris ( Frenchbean) ...YSFYCSPHQGA...
Vicia faba ( broadbean) ... YKFYCSPHQGA. ..
Pisumsativum ( gradenpea) .. YKFYCSPHQGA. ..
Nicotianatabacum ( tobacco) .. YTFYCAPHQGA. ..
Solanuntubelosum ( potato) .. YTFYCAPHQGA. ..
Solanuncrispum ( potatotree) .. YSFYCSPHQGA. ..
Lycopesiconesculentum( tomato) ... YTFYCAPHQGA...
Lactucasativa ( lettuce) ... YSFYCAPHQGA. ..
Capsellabursa-pastoris ... YSFYCAPHQGA. ..
Arabidopsighaliana ( cress) ... YGFYCAPHQGA. ..
Silenepratensis ( whitecampion) ... YKFYCAPHAGA. ..
Spinaciaoleracea ( spinach) ... YKFYCSPHQGA. ..
Cucumissativus ( cucumber) ... YSFYCSPHQGA. ..
Cucurbitapepo ( squash) ... YSFYCSPHQGA. ..
Petroselinuncrispum ( parsle) ... YKFYCEPHAGA. ..
Daucuscarota ( carrot) ... YKFYCEPHAGA. ..
Mercurialis perennis ... YSFYCSPHQGA. ..
Samlocusnigra ( europearelder) ... YKFYCSPHQGA...
Rume obtusifolius ( bitter dock) ... YSFYCSPHQGA. ..
Hordeumvulgare ( barley) ... YGFYCEPHAGA. ..
Oryzasativa (rice) ..YGFYCEPHAGA. ..
Eukaryotic Algae
ChlorophytaGreenAlgae)
Chlamydomonareinhadtii ... YGYYCEPHQGA. ..
Chlorellafusca ... YGYFCEPHQGA. ..
Scenedesmusbliquus ... YGYFCEPHQGA. ..
Ulva arasakii ...YGWCEPHAGA. ..
Entelomorphaprolifera .. YGVYCDPHSGA. ..
Cyanobacteria
Prochlorothrix hollandica ... YSFYCTPHRGA. ..
Synebocystis ( StrainPCC6803) ...YTYYCEPHRGA...
Anabaenavariabilis ... YTFYCEPHRGA. ..
Anabaena( StrainPCC7937) ... YSFYCEPHRGA. ..
Anabaena( StrainPCC7120) ...YTFYCEPHRGA. ..
Phormidiumlaminosum .. YTYYCAPHRGA. ..

Residues0through90in all known sequencesf plastoganin. Thetyrosine(Y) atposition
83is replacedy a pherylalanine(F) in two of thesequenceslhearomaticgroupmayinteract
with the cationic side chain of Arg88, which is conseredin cyanobacteriaplastoganin, to
form a cationTtcomple.



