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Resum

Aquesta tesi doctoral es centra en l'aplicacié d’eines de la quimica teorica i
computacional a fi de comprendre l'impacte de l'entorn en i) processos de
transferencia d’energia electronica (EET) en complexes pigment-proteina
fotosintetics i ii) processos de transferencia de carrega (CT) en I’ADN. Comprendre la
complexa interrelaci6 entre l'estructura de I'entorn biologic (proteina, acid nucleic,
solvent) i la dinamica ultrarrapida d’aquests processos és de gran interes, amb
aplicacions en el desenvolupament de materials organics fotovoltaics o de sensors
per monitoritzar la reparaciéo de 'ADN. La multitud d’escales de temps i d’espai que
caracteritzen aquests processos en biomoléecules constitueixen pero un repte
important per les tecniques computacionals actuals. En aquesta tesi es combinen
simulacions de dinamica molecular (MD) amb calculs multiescala de mecanica
quantica/mecanica molecular (QM/MM) a fi d’entendre diversos aspectes de la
interrelacié entre estructura i dinamica d’EET/CT tant en complexes fotosintetics
d’algues criptoficies com en 'ADN. En primer lloc, els resultats mostren com l'entorn
local modula de forma significativa la densitat espectral d’acoblament vibronic - i per
tant la dinamica d’EET - en la biliproteina antena PE545 d’algues criptoficies. També
resolen la incertesa relacionada amb l'estat de protonaci6 dels pigments bilina que
caracteritzen els complexes fotosintetics en criptofits. Finalment, es presenta un
model de les energies relatives dels pigments en les biliproteines PC577, PC612,
PC630 i PC645, aspecte de gran importancia ja que determina les rutes d’EET i per
tant la seva funcié biologica. Respecte a processos CT en ADN, la tesi estableix el
mecanisme mitjancant el qual interaccions ADN/proteina poden tant inhibir com
accelerar el procés de transferencia, depenent de la natura de 'aminoacid inserit en la
doble helix. A més, també estableix I'impacte de llocs abasics, lesions molt comuns
caracteritzades per I'abséncia d’'una nucleobase, en la dinamica de CT, depenent si la

base desaparellada adopta una conformacio a I'interior o exterior de la doble helix.



Summary

This thesis is focused on the application of theoretical and computational chemistry
tools to understand the impact of the environment on i) electronic energy transfer
(EET) processes in photosynthetic pigment-protein complexes and ii) charge transfer
(CT) processes in DNA. Understanding the complex interrelation between the
structure of the biological environment (protein, nucleic acid, solvent) and the
ultrafast dynamics of these processes is of current interest, with applications in the
development of photovoltaic organic materials or sensors to monitor DNA repair. The
multiple time and space scales that characterize these processes in biomolecules
represent however an important challenge for current computational techniques. In
this thesis we combine molecular dynamics (MD) simulations with multiscale
quantum mechanics/molecular mechanics (QM/MM) calculations in order to
understand several aspects of the interrelation between structure and EET/CT
dynamics in both photosynthetic complexes of cryptophyte algae and in DNA. First,
our results show how the environment significantly modulates the spectral density of
vibronic coupling - and thus EET dynamics - in the PE545 biliprotein of cryptophyte
algae. We also solve the uncertainty related to the protonation state of bilin pigments
that characterize cryptophyte antenna complexes. Finally, we present a model of the
relative energies for the pigments in biliproteins PC577, PC612, PC630 and PC645, an
important issue that determines EET pathways and therefore biological function.
Regarding CT processes in DNA, the thesis establishes the mechanism by which
DNA/protein interactions can both inhibit or boost the transfer process, depending
on the nature of the amino acid inserted in the double helix. In addition, it establishes
the impact of abasic sites, common lesions characterized by the absence of a
nucleobase, in the CT dynamics, depending on whether the unpaired base adopts an

intra or extrahelical conformation.
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INTRODUCCIO

1. Introduccio

Comprendre com l'estructura d’'un sistema biomolecular controla processos de
transferencia d’energia electronica (EET) o de carrega (CT) en sistemes biologics
és clau per tal d’entendre importants processos biologics tals com la fotosintesis o
la proteccié de I’ADN en front del dany oxidatiu. La mecanica quantica representa
el punt de partida per a la descripci6 teodrica d’aquest tipus de processos a nivell
atomic. No obstant, un “sistema biomolecular” compren des de petites molécules
organiques fins a grans macromolécules, com ara proteines, acids nucleics o inclus
macrocomplexes proteics de membrana. La enorme complexitat d’aquests
sistemes fa que un tractament exclusivament basat en la mecanica quantica resulti
intractable des d’'un punt de vista computacional, mentre que un tractament aillat
de la regio d’'interes on té lloc el procés estaria obviant, en esséncia, I'important
paper que juga I'entorn i que sovint determina la funci6 caracteristica i inica d’'un
biosistema dins de la complexa maquinaria biologica.

Determinar la interrelaci6 entre la dinamica ultrarrapida de transferencia
d’aquests processos, tipicament de l'ordre de fs o ps i localitzada en una certa regié
de l'espai, amb les multiples escales temporals i espacials que caracteritzen
I'estructura i les fluctuacions d’'un sistema biomacromolecular és, per tant, un
repte important per les eines de la quimica teorica. Tot i que alguns grups de
recerca han presentat recentment les primeres simulacions explicites de la
dinamica quantica d’aquests processos en biosistemes,! aquesta estrategia té
evidents limitacions en la mida dels sistemes que es poden abordar i, sobretot, en
la possibilitat d’explorar l'impacte de les fluctuacions estructurals d'una
biomolecula en el procés. Aixi, I'estrategia habitual en la descripci6 de fenomens de
EET o CT en biosistemes es basa en I'is d’expressions per a la velocitat de
transferencia basades, per exemple, en les populars teories de Forster per EET o de
Marcus per CT, i per tant en la simulacié acurada dels ingredients necessaris en
tals teories per a predir la velocitat: les energies dels estats electronics involucrats,
I'acoblament electronic entre aquests estats i, 'acoblament entre tals estats i les
vibracions nuclears del sistema, I'anomenat acoblament vibronic.23 L’entorn

molecular juga un paper clau en la modulacié dels parametres EET/CT necessaris
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per simular aquests processos (energies, acoblament electronic i acoblament
vibronic). No obstant, la descripcié acurada de I'efecte de I'entorn en fenomens
electronics com I'EET o CT representa un repte important per als metodes
computacionals actuals.

En aquesta tesi s’han emprat una estrategia computacional adoptada per diversos
laboratoris al mén a fi d’estudiar processos d’EET i CT en biomolecules, la qual
consisteix en simular les fluctuacions estructurals mitjan¢ant simulacions de MD
classica i posteriorment avaluar els parametres d’EET/CT per un conjunt
d’estructures suficientment gran a partir de calculs QM/MM multiescala. Aquesta
estrategia s’ha usat per aprofundir en I'impacte de I’entorn en diversos aspectes
relacionats amb fenomens CT en I'’ADN i EET en complexes fotosintetics de
recaptacié de llum.

Els fenomens CT a través de la cadena d’ADN sén actualment d’interes, no nomeés
per les seves implicacions en la comprensié del dany oxidatiu y les mutacions que
tenen lloc en I'’ADN, sin6 també per les aplicacions d’aquest fenomen en el
desenvolupament de biosensors capacos de monitoritzar la maquinaria de
reparacié de ’ADN, clau en 'estudi de les bases moleculars del cancer.*-7 A nivell
biologic, la transferéncia de forats (HT, migraci6é de carregues positives) és la més
habitual i estudiada actualment. Aquesta transferéncia es dona basicament entre
guanines, ja que és la base nitrogenada que posseeix el potencial d’ionitzaci
menor.8-10 No obstant, les altres bases juguen un paper important a I'hora de
modular l'acoblament electronic entre guanines o les energies de lloc (site
energies), aspectes claus que determinen la velocitat de HT. Diversos estudis, per
exemple, han mostrat que els ponts d’hidrogen en la doble helix tenen un efecte
important en quan a l'estabilitzacié dels radicals cati6 formats en el procés de
HT.11-13 També es coneguda la extremada sensibilitat de 'acoblament electronic
entre bases a la disposicié relativa entre elles, de manera que, degut a la gran
flexibilitat de la doble helix, és essencial tenir en compte una correcta descripcio de
I'entorn i les seves fluctuacions.”

D’altra banda, s’ha observat que quan ’ADN interacciona amb proteines es poden
donar processos de CT a aminoacids aromatics de la proteina, protegint aixi el
material genétic de possibles mutacions.#-16 També s’ha observat que la preséncia

de llocs abasics, és a dir de lesions caracteritzades per I'absencia d’'una nucleobase,
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generalment redueixen el rendiment de CT en ’ADN, fenomen que s’ha usat en
biosensors per tal de monitoritzar la reparacié de ’ADN, ja que el mecanisme de
reparacio per excisié de bases (BER) comenga amb la formaci6 d’un lloc abasic per
'excisio d’'una base danyada o desaparellada per accié de la ADN glicosilasa.l7.18 En
aquesta tesi s’ha estudiat el mecanisme mitjancant el qual una interacci6 ADN-
proteina o la presencia de llocs abasics modulen les propietats d’'HT a I’ADN,
mostrant com tal impacte depen de la naturalesa del aminoacid inserit a la doble
helix o de la conformaci6 adoptada per la base desaparellada en preséncia de llocs
abasics.

Pel que fa als mecanismes fotosintetics de recaptacié de llum, les anomenades
proteines antena, que contenen nombrosos pigments tals com clorofil-les, bilines o
carotenoides, son les encarregades d’absorbir la llum solar i transferir 'energia
d’excitacid resultant a través de multiples passos d’EET fins arribar al centre de
reaccid, on es produeix la separacio de carregues.!® L’elevada eficiéncia quantica
d’aquests processos EET ha motivat una creixent interes en entendre la relacié
entre la funcié d’aquestes proteines i la seva estructura des de que es va resoldre la
primera estructura cristall d’'una antena a alta resolucié el 1975, la corresponent al
complex Fenna-Matthews-Olson de les bacteries verdes del sofre.2? Existeixen una
gran varietat de proteines antena, i aquesta tesi es centra en l'estudi de les
anomenades ficobiliproteines, que contenen pigments anomenats ficobilines, i que
presenten una elevada activitat fotosintetica a intensitats molt baixes de llum.21 Als
ultims anys, la implementacié de la técnica de espectroscopia electronica
bidimensional, a més, han posat de manifest efectes de coheréncia en els processos
EET en complexes, inicialment interpretats com coheréncies electroniques, fet que
ha creat una gran expectacié en el camp.22-25 En efecte, fins al moment es creia que
aquests fenomens de coheréncia electronica decauen en pocs fs degut a
I'acoblament dels pigments amb els modes vibracionals desordenats de I’entorn,
pero 'observacié d’aquests fenomens en sistemes biologics capacos de persistir
fins a centenars de femtosegons ha creat una gran debat respecte l'origen
molecular i 'impacte que aquests fendomens poden tenir sobre l'eficiéncia en el
procés de transferencia.

L’origen molecular i la naturalesa electronica, vibracional o vibronica de tals

coheréncies son font de constant debat a la comunitat cientifica. Inicialment, es va
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postular que aquests efectes podrien ser fruit de fluctuacions correlacionades de
les energies d’excitacido dels pigments causades pels modes vibracionals de
I'entorn.?32426 No obstant, varis estudis teorics semblen desestimar aquesta
idea.?’-2% Una altra hipotesis més recent proposa que l'acoblament a vibracions
amb energies capaces de completar la diferéncia d’energia entre diferents estats
excitonics podria ser el responsable de les coherencies observades,3%31 En
ambdues hipotesis queda clar, en tot cas, el paper clau jugat per l'entorn - i
'acoblament vibronic - en el procés.

En aquest context, cal destacar que aquest fenomen va ser observat per primera
vegada a temperatura ambient en la familia de ficobiliproteines estudiades en
aquesta tesis,?? fet que dona una especial rellevancia al seu estudi. A més, la recent
obtencio de les estructures cristall de dues noves ficobiliproteines, en les que a
diferencia de la estructures obtingudes fins al moment es presenta una estructura
quaternaria diferent (oberta), i en les que els efectes de coheréncia abans
mencionats desapareixen,3233 ha reafirmat la importancia especifica de I’entorn en
modular les energies i els acoblaments entre els diferents pigments presents, aixi
com l'interés en aquests sistemes.

En aquesta tesis, doncs, s’estudien diversos aspectes de rellevancia relacionats
amb l'impacte de I'entorn en els mecanismes fotosinteétics en criptofits. En primer
lloc, s’ha estudiat com I'entorn modula de forma diferencial la densitat espectral
d’acoblament vibronic en I'antena ficoeritrina PE545, tipicament assumida igual
per a tots els pigments en un complex donat. En segon lloc, s’ha estudiat I'impacte
de I'entorn en els estats de protonaci6é d’aquesta proteina PE545 aixi com a les
ficocianines PC577, PC612, PC630 i PC645, fet clau a fi d’obtenir simulacions
fiables d’aquests sistemes. La incertesa en aquest aspecte, per exemple, ha donat
lloc a diferents estudis teorics en els quals els pigments bilina s’assumeixen tots en
un estat neutre o bé protonat. Recentment, pero, un estudi ha posat de manifest
que l'estat de protonacié d’aquests pigments té un impacte important en les
energies d’excitaci6 dels pigments, i per tant en els espectres d’absorcig,
fluorescencia i dicroisme circular.3¢ Finalment, s’ha estudiat la modulaci6 de les
energies dels pigments en les antenes PC577, PC612, PC630 i PC645, aspecte més

dificil donades les petites diferéncies d’energia entre bilines, pero de gran
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rellevancia ja que tal ordenament dona lloc als camins de EET i per tant determina

la funcié d’aquests complexes.

1.1. Mecanismes d’EET i CT en biosistemes

La dinamica quantica d’'un procés EET o CT en un sistema quantic aillat es pot
descriure resolent l'equacié de Schrodinger depenent del temps. Tot i que
recentment s’han presentat les primeres simulacions explicites de la dinamica no-
adiabatica d'un sistema multicromoforic de mida considerable,35 tals simulacions
sOn encara massa costoses computacionalment, fet que limita les escales de temps
i el mida dels sistemes que es poden simular. Aixi, I'estrategia més comuna es basa
en |'is d’equacions pertorbatives per a la velocitat. En aquest context, el
Hamiltonia total del sistema es representa com la suma de les diferents parts

involucrades:

H = Hel + Hvib + Hel—vib (111)

on H, és el Hamiltonia electronic del sistema d’interés (energia dels estats del
donador i de 'acceptor i el seu acoblament electronic), H,;;, és el hamiltonia del
“bany”, que inclou les vibracions de '’entorn (normalment representades com un
conjunt d’oscil-ladors harmonics), mentre que H,;_,;, descriu la interaccié del
sistema d’interes amb el bany. A partir d’aquesta expressio, i aplicant
I'aproximacié de Born-Oppenheimer, es pot introduir de manera pertorbativa un
dels elements per tal d’obtenir una expressio per a la probabilitat (velocitat) de
transferencia. Per tant, depenent de la forca relativa de 'acoblament electronic i
I'acoblament vibronic (amb les vibracions de 1'entorn), ens trobem davant de tres
escenaris diferents.

En aquest capitol discutim els tres regims que s’originen de la interaccié entre
I'acoblament electronic i l'acoblament vibronic. En primer lloc, el limit de
I'acoblament debil, en que 1'acoblament electronic entre donador i acceptor, V, és
menor que l'acoblament de cada un amb les vibracions del seu entorn, el qual es

pot quantificar mitjancant I’energia de reorganitzacié, A. En situacions on V << 4,
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doncs, podem descriure I'impacte de V pertorbativament, aproximacié que dona
lloc a les teories de Forster3® i Marcus3’ per EET i CT, respectivament, que deriven
de l'anomenada Fermi Golden Rule (Regla d’or de Fermi). Ambdues teories
descriuen un mecanisme de incoherent hopping (salts incoherents) entre estats
completament localitzats en una sola moleécula, ja sigui en el donador o en
'acceptor, mediat per 'acoblament electronic entre ells

Per contra, quan V >> A ens trobem en el limit d'acoblament fort. En aquest cas,
l'estat electronic esta compartit de forma coherent entre el donador i I'acceptor.
Mentre que en CT aquesta situacid és poc habitual, en EET es dona sovint, donant
lloc a estats deslocalitzats anomenats excitons. En aquest cas, el procés EET és més
aviat un procés de relaxacié entre estats mediat per la interaccié amb el bany, ja
que no hi ha transferencia real entre molecules.

Més enlla d’aquests dos limits, pero, en complexes fotosintetics sovint ens trobem
en un regim intermedi ja que V ~ A. En aquesta situacié intermedia, doncs, el
tractament pertorbatiu d'una de les dues contribucions (acoblament electronic
entre estats o acoblament dels estats amb el bany) no és valid i, per tant, descriure

correctament aquests processos, representa un dels reptes actuals en el camp.

1.1.1. Limit d'acoblament debil

En el limit de l'acoblament debil la velocitat de EET o CT ve donada per

I’anomenada Femi Golden Rule:
ki =Z|(i|01F)| 8 (E: - Ef) (11.2)

on E; i E; son les energies de I'estat inicial |i) i final |f), respectivament, i P descriu
I'acoblament electronic entre els dos estats. A partir d’aquesta expressio, les
teories de Forster per EET i de Marcus per CT introdueixen diferents
aproximacions per tal d’arribar a una expressié util per descriure la velocitat, en
ambdos casos assumint que la contribucié nuclear es pot separar de I'acoblament

electronic.
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1.1.1.1. Teoria de Forster per EET

La transferencia d’energia electronica de manera no radiativa, o sigui, sense
emissio/absorcid de fotons, descriu la des-excitacié d'una molecula (donador, D)
que es troba en el seu estat electronic excitat |A) acoblada a 'excitacié d'una altra
molecula (acceptor, A) produint-se per tant la promocié a un estat electronic
excitat |[DA*):

D*+A ->D+ A* (11.3)

Per als processos EET més habituals que involucren estats singlet, 'acoblament
entre D i A que fa possible la transici6 és basicament una interaccié coulombica
entre anomenades “densitats de transicig” .38

El 1948, Theodor Forster va proporcionar una elegant teoria3® que relaciona la
velocitat d’EET amb senzilles propietats espectroscopiques del donador i de
I'acceptor: el temps de vida de D (7p), el rendiment quantic de fluorescencia de D
(¢p), la distancia (R) i la orientacio relativa entre D i A (k)3 i la integral de

solapament (Jg). L'expressid de la velocitat ve donada per:

1 9(In10)x?¢ppJr 1
Tp 128m5Nyn* RS

kepr = (11.4)

on

Je =, Fo(Dea(D)A*dA (11.5)

on n és l'index de refraccié del medi, N, és el nombre d'Avogadro, F, l'espectre
d'emissio de D normalitzat per area, i g4 I'espectre del coeficient d'extincié molar
d’A. Jr per tant s’obté a partir del solapament entre 1'espectre d'emissiéo de D i
I'espectre d'absorcié d’A (Fig. 1) i assegura la condicié de conservacio6 de l'energia
il-lustrada per la funcié 0 a la equaci6 11.2. Com més gran és la integral de

solapament, doncs, més gran és la velocitat de transferéncia d'energia.

25



26

CAPITOL I

absorcid
acceptor

emissio
donador

Energia

Figura 1. Integra de solapament de Forster entre
I'espectre d’emissi6 del donador i I'espectre
d’absorci6 de I'acceptor.

Des d'un punt de vista teoric, pero, es convenient reescriure l'expressié de Forster
seguint la Regla d’or de Fermi, on s’aprecia la dependencia amb I'acoblament

electronic al quadrat:
2
kepr = 7”|5Vdd|2]1~" (11.6)

on s és l'apantallament de 1'acoblament electronic degut al solvent (que en el
model de Forster equival a 1/n?),iV,;,; és I'acoblament electronic en I'aproximacié
dipol-dipol que ddna lloc a la dependéncia R¢ de la velocitat mostrada a '’equacié
11.4.

La teoria de Forster és ampliament usada en nombroses aplicacions basades en
EET. Tot i aixo, la seva aplicabilitat resta subjecta a certes suposicions?®, com per
exemple l'adopcié de l'aproximacié dipol-dipol, que resulta inapropiada a
distancies curtes entre D i A; o 'adopci6 d'un factor d’apantallament 1/n? contant.
A més, en escurgar la distancia D/A I'acoblament electronic augmenta, fet que ens
pot portar un regim intermedi d’EET, situacié que es tracta en apartats segiients

(Secci6 1.1.3.)
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1.1.1.2. Teoria de Marcus per CT

Un procés de transferéncia de carrega, com bé diu el seu nom, suposa el
desplacament d’'una carrega d’'una molecula donadora a una d’acceptora. Es pot
parlar de Electron Transfer (ET, transferencia d’electrons) o de Hole Transfer (HT,
transferencia de forats) depenent de si es transporta una carrega negativa o

positiva, respectivament:
D~ +A ->D+ A (11.7)
D+ A* - Dt+ A (11.8)

Rudolph A. Marcus va desenvolupar una teoria per a les reaccions de CT que li va
suposar el Premi Nobel el 199237, Aquesta teoria va ser inicialment formulada per
a reaccions CT entre molecules acoblades debilment. Per tant, permet treballar
novament en el marc de de la Regla d'Or de Fermi, considerant que els estats inicial

i final estan completament localitzats en D i A.
2
ker =~ Vpal?F (11.9)

on F representa el factor de Frank-Condon que inclou l'acoblament vibronic. No
obstant, a través de certes simplificacions?, es pot arribar a l'expressio classica de

I'equacié (11.8), que representa l'equacio principal de la teoria de Marcus:

—(A+4G°)?

! 42kpT (11.10)

47TkBTA

2T
ker = 7|VDA|2

en que V},, representa l'acoblament electronic entre els estats inicial i final, kg és la
constant de Boltzmann, T la temperatura, AG° és 1'energia lliure de Gibbs de la
reaccid de CT i A és 'energia de reorganitzacid.

L'energia lliure de Gibbs es pot determinar com la diferéncia entre els potencials
d'oxidacié del donador i I'acceptor, mentre que l'energia de reorganitzacié descriu

el canvi en l'energia lliure corresponent al pas de la configuracié de reactius a
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productes un cop ja s’ha donat la transferéncia electronica. Aquest terme de

reorganitzacié nuclear conté dues contribucions, A = 4; + 4, , una component

A
inicial
final

i G >

(i) .,
9. Y9« Coordenada de reaccié

Figura 2. Representaci6 de les superficies d’energia
potencial dels estats inicial i final en un procés de
transferencia de carrega.

interna, associada a canvis en la geometria de D i A, i una component del solvent

associada a canvis en la polaritzaci6 de l'entorn.

Des d'un punt de vista grafic, si representem els estats inicial i final com a
paraboles en la coordenada de reaccié (Fig. 2), la diferencia d'energia entre el
minim de I'estat inicial i el minim de 1'estat final és la AG°. D'altra banda I'energia
de reorganitzacid és la diferencia entre l'energia de 1'estat inicial i final, calculat

sobre la parabola de 1'estat final.
1 =Er(q%) - Er(a%) (12.11)

1.1.2. Limit d’acoblament fort

Com s’ha mencionat anteriorment, quan V >>A ens trobem en el limit
d’acoblament fort. Tal situaci6 és poc habitual en CT, pero es dona sovint en casos
d’EET. En aquest cas el tractament és més complicat, ja que degut al fort

acoblament els estats excitats no estan localitzats en D i A, sind que formen un
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estat deslocalitzat que s'anomena excitd. Si prenem com a base els estats
individuals de cada molécula i només considerem un estat excitat a cadascuna,
aquests excitons es poden descriure mitjancant el segiient Hamiltonia excitonic de

Frenkel:

H =3, &li)il + XY, Vi 1) (11.12)

en que cada molecula i esta representada per una Unica energia de transicid
electronica, ¢, a la que ens referirem com a site energy i V;; és novament
I'acoblament entre les molécules i i j. Per tant, per un sistema amb N molécules
acoblades tindrem una matriu amb les site energies a la diagonal i els acoblaments
fora de la diagonal. La diagonalitzaci6 d’aquest Hamiltonia permet obtenir els

corresponents estats excitonics:
H = Y wlk)kl; [k) =X, cfli) (11.13)

on |k) sén els estat excitonics descrits com a combinacié lineal dels estats de cada
molécula, w, sén les energies d'aquests estats, mentre que c¥ sén les contribucions

de cada molecula i a l'excité |k).

El 1957 A. G. Redfield va proposar una teoria per descriure el procés de relaxacig,
induit per les vibracions de I’entorn entre aquests estats excitonics deslocalitzats*1.
Partint de la base de que l'acoblament vibronic és introduit de manera
pertorbativa, I'expressié per a la velocitat de relaxacié entre dos estats excitonics

deslocalitzats |k) i |m) pren la forma seglient*2:
kiom = 2VimCEO (gm) (11.14)
on Yym és el factor de solapament, format per pels coeficients excitonics, el radi de

correlacié entre les vibracions de I'entorn (R.) i la distancia centre a centre entre

les molecules involucrades (R;;)
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Vian = Zij e e M eRuilRe (11.15)
mentre que C®®)(w) és la part real de la transformada de Fourier de la funcié de
correlacié C;;(t) = (6¢&;(t)dgi(t)) = C(t)e Rii/Re, que descriu com de favorable és
I'intercanvi d’energia entre l'entorn i les molécules involucrades, i que pren la

forma:
CRe(w) = tw*{(1 + n(w))/(w) + n(—w)] (—w)} (11.16)

on J(w) és la funci6 de densitat espectral (de la que es parlara en detall en la seccid
1.2.2.3.) in(w) és el nombre mitja d’estats vibracionals que s6n excitats a una

determinada temperatura:

1

J(@) =X gi8(w — wg); n(w) = Spm— (11.17)

La teoria de Redfield ha estat ampliament emprada per descriure processos de
transferencia d’energia en sistemes fotosintetics de recaptacié de llum amb
pigments fortament acoblats.#?-44 Tanmateix, falla en descriure processos en els
que és necessaria la transferéncia d’energia a maultiples estats vibracionals del
bany, com és el cas de sistemes en que la diferencia d’energia entre excitons és

gran, o quan es treballa a baixes temperatures.*>

1.1.3. Regim d’acoblament intermedi

A la natura no tot és blanc o negre, i és per aix0 que en nombrosos biosistemes
(igual que en cristalls moleculars) I'acoblament electronic i 'acoblament vibronic
presenten magnituds comparables, de manera que el tractament pertorbatiu falla i
el desenvolupament de teories per a la velocitat d’ EET representa encara un repte
considerable en el camp. Una primera aproximacié en aquesta direccio, va ser
I'anomenada modified Redfield theory*®47 (teoria de Redfield modificada). La idea,
és que enlloc de tractar de manera pertorbativa tot I'acoblament vibronic, aquest

es divideix en dos, els elements de la diagonal s’inclouen en el Hamiltonia de
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manera no pertorbativa, pero els termes de fora de la diagonal no. Per tant, tot i
presentar millores respecte la teoria de Redfield incial, no és capa¢ de descriure
coheréncies dinamiques.

Posteriorment s’han desenvolupat aproximacions més rigoroses, com les
anomenades Hierarchical Equations of Motion (HEOMs, Equacions Jerarquiques del
Moviment)#4849, que tot i donar formalment una soluci6 exacta, no estan exemptes

d’aproximacions.

1.2. Modelitzacio d’EET i CT en biosistemes

Independentment de la teoria i/o les aproximacions que s’utilitzin per descriure la
velocitat de CT i EET, les seves prediccions depenen de tres elements clau, a partir
dels quals es podra decidir si ens trobem en un regim d’acoblament debil, fort o
intermedi. Aquests elements sén: les anomenades site energies de les diferents
molecules involucrades; I'acoblament electronic entre elles i la funcié de densitat
espectral de 'acoblament vibronic, que descriu la modulacié dinamica de les site
energies degut a les vibracions de I'entorn.

La correcta caracteritzaci6 d’aquests tres parametres mitjancant metodes
computacionals és un dels objectius basics d’aquesta tesi. Per tant, aquest capitol
es centra en explicar les metodologies que s’han usat per a la seva descripci6. En
primer lloc, s’expliquen les principals estrategies que permeten incorporar I'efecte
de I'entorn a nivell classic en calculs QM, mentre que a continuaci6 es descriuen les

estrategies usades per a calcular els parametres d’EET i CT en aquesta tesi.

1.2.1. Efectes de I’entorn: Metodes hibrids QM /Classics

En l'actualitat, els avengos tant a nivell de metodologies com de potencia de les
arquitectures dels ordinadors actuals permeten tractar a nivell QM grans sistemes,
inclus formats per milers d’atoms. Tot i aix0, la necessitat d’explorar l'espai
conformacional en sistemes biologics de gran tamany fa que 'estudi de processos
electronics en biosistemes generalment es basi en la combinaci6 d’'una descripcié a

nivell QM de la regi6 d’interés amb una descripcié classica més aproximada de
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I'entorn. A continuacio, es descriuen les caracteristiques principals d’aquests
metodes, tipicament basats en una descripcié continua polaritzable del 'entorn
(models QM/DC) o bé mitjan¢ant una descripcié atomistica basada en camps de

forces classics (models QM/MM).

1.2.1.1. Models continus de solvatacié

Els models continus de solvatacié son ampliament usats en el context de calculs
QM per tal d’introduir de forma eficient, pero tanmateix forca acurada, I'efecte del
solvent. En aquest models, el solvent es descriu com un medi dielectric continu,
caracteritzat per la seva constant dieléctrica macroscopica, mentre que el solut,
descrit a QM, es col-loca en una cavitat dins del dieléctric amb dimensions
apropiades, tipicament construida a partir d’esferes centrades en els atoms.
Existeixen diferents models continus de solvatacid, tals com el meétode Possion-
Boltzmann, el model generalitzat de Born, o els models basats en ASCs, tals com el
model PCM o COMSO0.50-52 Tals models difereixen principalment en la manera en
que es resol la equaci6 electrostatica de Poisson, la qual permet calcular la
polaritzacié del medi dielectric en resposta a la distribucié de carrega del solut,
I'anomenat cap de reacci6 (reaction field). Aixi, es possible incorporar els efectes de
I'entorn resolent I'equaci6 de Schrodinger a partir d'un Hamiltonia efectiu format

pel terme habitual del solut més el potencial creat pel camp de reaccié:
Hepr|W) = (Ho + Vip) W) = E|W) (12.1)

Donat que el terme Vg, la polaritzacié de I'entorn, depén de la densitat electronica
del solut, aquesta expressié es resol iterativament, fet que fa que sovint tals
metodes s’anomenin metodes SCRF (self-consistent-reaction-field), en analogia
amb el procediment SCF habitual en calculs QM. Els metodes QM/DC, per tant,
tenen en compte els efectes de mutua polaritzacio entre el solut i el solvent. La
descripci6 de la interaccié electrostatica solut-solvent es sol complementar amb
termes empirics no-electrostatics a fi, per exemple, de calcular energies lliures de

solvataci6. En aquesta tesi s’ha usat dues parametritzacions de models continus
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basades en el metode IEFPCM, el model MST desenvolupat a Barcelona®35% i el
model SMD desenvolupat per Cramer i Truhlar,>> a fi de calcular els pKas en aigua

dels pigments bilina presents en complexes fotosintetics criptofits.

1.2.1.2. Metodes QM/MM

Els models continus representen una estrategia eficient per tal d’incorporar
I'efecte del solvent en calculs QM. En sistemes biologics, pero, 'entorn té una
naturalesa heterogenia, i sovint les interaccions especifiques amb aquest entorn
son claus a fi d’entendre la seva funcionalitat. En aquests casos és preferible
combinar la descripci6 QM de la regié d’interés amb una descripcié atomistica
classica de I'entorn mitjancant un camp de forces (force field) basat en mecanica
molecular (MM) , donant lloc als coneguts com a models mixtes o hibrids QM/MM.
Aquesta seccio6 es centra en aquest tipus de models, que s'han emprat extensament
durant aquesta tesi per tal de descriure I'impacte de I'entorn en processos EET i

CT.

Figura 3. Representacié esquematica de les
particions classica (MM) i quantica (QM)
d'un sistema proteic amb un model de
solvataci6 explicit.

Els metodes QM/MM van ser introduits per primer cop el 1976 per Warshel i
Levitt.5¢ En els coneguts com a models QM/MM additius, I'energia total del sistema

s’expressa com la suma d'una contribucié deguda a la molécula o molecules QM
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d’interes, un terme MM degut a l'entorn, i un terme QM/MM que descriu la
interaccid entre les dues regions. De forma similar al descrit per models continus,

aixo permet definir un Hamiltonia efectiu, H,r, que permet resoldre I'equacio de

Schrodinger a partir de la seglient expressio:
ﬁeff|w> = (HO + Hyy + HQM/MM)|qJ> = E|¥) (12.2)

on H, és el Hamiltonia en fase gas del subsistema d’interés (QM), mentre que Hyy,

representa I'energia de I'entorn i ﬁQM /mm introdueix I'acoblament entre la regio

QM ila MM.

1.2.1.2.1. Métodes d’'inmersio6 electrostatica QM /MM

Als metodes QM/MM estandard la descripcio electrostatica de I'entorn es sol
limitar a un conjunt de carregues puntuals extretes d'un force field classic,
estrategia coneguda amb el nom de immersi6 electrostatica (electrostatic
embedding). En aquest cas, els operadors MM i QM/MM venen donar per les

seguents expressions:

Hyp = Zom Bnsm "2 (12.3)
Hompmm = Zm qmV (n) (12.4)

on V(r;,,) correspon a I'operador del potencial electrostatic degut als electrons i als
nuclis de la regié QM sobre els atoms de la regi6 MM, mentre que els index m (n)
corresponen a les carregues q de la regio MM.

Aixi, en aquests models la regi6 MM és capac¢ de polaritzar la funcié d’ona de la
regié QM, pero no es té en compte la polaritzacio que la regié6 QM exerceix sobre la
regié MM, ja que en aquesta ultima sols es considera el terme electrostatic. Per
tant, tot i representar un salt de qualitat a I'hora de descriure processos que tenen

lloc a l'interior de grans biomolécules, sén incapagos de descriure, per exemple, la
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reorganitzacio electronica ultrarrapida que té lloc a la regié6 MM quan es déna una

transicio electronica en la regié QM, per exemple després de I'absorcié d'un fotd.

1.2.1.2.2. Meétodes d'immersio polaritzable QM /MMPol

Els models QM/MM poden ser estesos per tenir en compte la mutua polaritzacié
entre els subsistemes quantic i classic mitjancant un cap de forces polaritzable. En
aquests casos, la descripcid electrostatica basada en carregues puntuals es
complementa amb un model explicit dels efectes de polaritzacié basat en el model
de dipols induits®’, el model de carregues fluctuants®8, o el model basat en
oscil-ladors classics de Drude>?. En aquesta tesi s’ha utilitzat basicament el model
QM/MM polaritzable (QM/MMPol) basat en dipols induits desenvolupat al nostre
grup, en col-laboracié amb el grup de la Prof. Mennucci de la Universitat de Pisa,>” i
és per aix0 que aquest apartat es centra en la descripcié d’aquest model en
particular.

En el model de dipols induits, cada atom dins el subsistema MM esta descrit per
una carrega puntual i una polaritzabilitat isotropica®®, de manera que tant Hy,

com Hyy/mm es desglossen en un terme electrostatic i un corresponent a la

polaritzacié, H = H®'4+HP°!, Per tant, les expressions anteriors prenen la forma:

7 min 1 [ m(Ta—Tm

s = Zom Ziom 208 — 25 i 3, et (125)
~ ~ 1 . ~

HQM/MM = Zm qu(rm) - EZa ,u'(llnd Egolut(ra) (12.6)

on ES°™ (1) correspon a l'operador del camp eléctric degut als electrons i als
nuclis de la regi6 QM sobre els atoms de la regi6 MM, mentre que l'index a
correspon als atoms polaritzables i ui*¢ als dipols induits situats en la regié6 MM.
Aquests dipols, situats en cada atom polaritzable de la regi6 MM, s'obtenen a

través de l'expressid segiient:

énd — aa(EcSLOlut + Egntorn{q,. #and}) (127)
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en la que s'assumeix una aproximacio lineal, s'obvia qualsevol contribucié de
caracter magneétic i s'utilitza una polaritzabilitat isotropica (a,)%°. Com que ES™to™
correspon al camp electric de I'entorn calculat a cada punt de la regi6 MM i al
mateix temps conté la suma de contribucions de les carregues puntuals i dipols
induits de cada atom d'aquesta, aix0 fa que cada dipol induit depengui de tots els
altres dipols induits de l'entorn, i per tant, aquesta expressio hagi de ser resolta
iterativament o mitjancant técniques d’inversié de matriu.

Cal remarcar que, en l'expressié de Hy,,, mentre que el primer terme representa
I'energia electrostatica de les carregues de la regio MM, el segon terme descriu la
interaccid de polaritzacié entre aquestes carregues i els dipols induits. Per tant, el
primer terme representa només una constant dins el Hamiltonia efectiu, mentre
que el segon es considera de forma explicita en 'operador de Fock degut a la
dependencia dels dipols induits en la funcié d’ona de la regié QM. Cal destacar
també que en la practica només s'inclou la polaritzaci6 dels atoms de la regi6 MM
que es troben dins d’una certa distancia limit respecte la regio QM, 'anomenat
cutoff de polaritzacio, ja que 1'efecte de la polaritzacié mutua entre atoms que es
troben a distancies majors de 15-20 A té un efecte negligible en I'energia i les
propietats del sistema QM, reduint d’aquesta forma considerablement el cost

computacional.

El desenvolupament d'un model hibrid QM /MM polaritzable ha representat un salt
de qualitat a I'hora de descriure processos EET en entorns heterogenis complexes,
en els que una descripcié continua de I'entorn representa un limitaci6é important.
L'impacte més important es veu reflectit a I'hora de calcular els acoblaments
electronics (secci6 1.2.2.2.1.), ja que la inclusié d'un entorn polaritzable heterogeni
permet simular els efectes d'apantallament deguts a l'entorn de forma
atomistica.6’ Tot i aixo, els efectes de polaritzaci6 també poden canviar
qualitativament la direcci6 del desplacament solvatocromic en cromofors
biologics, tal i com s’ha mostrat recentment, per exemple, per la proteina verda

fluorescent.62
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1.2.1.3. Models multiescala QM/MM/CD

En aplicar un model hibrid QM/MM o QM/MM polaritzable, tant la proteina com
les aigiies de solvataci6 estan representades de forma explicita, i per tal de
capturar-ne l'efecte dinamic és precis realitzar una simulaci6 de MD per tal de
mostrejar varies estructures i realitzar els calculs QM/MM en cada una d’elles
(secci6 1.2.1.4), amb el cost computacional que aixd comporta. Si es vol realitzar un
calcul sobre una estructura cristall incloent I'efecte del solvent, aixo directament
no és possible més enlla de les aigiies cristal-lografiques presents en l'estructura.
Una alternativa interessant en aquest cas és utilitzar un model hibrid a tres nivells
QM/MM/CD, en el qual la regi6 d’'interes segueix rebent un tractament QM,
I'entorn proteic es descriu mitjancant un model MM o MMPo], i el solvent es
descriu mitjancant un model dielectric continu. D’aquesta forma es defineix un
Hamiltonia efectiu similar al descrit en I'equaci6 (12.2) que incorpora la interaccié

dels subsistemes QM i MM amb el continu dielectric (CD):
Hepp = Ho + Hyy + Hompum + Homyco + Humsco (12.8)

Tals models en principi es poden desenvolupar a partir de qualsevol model
dielectric continu de solvatacid, com ara el PCM® desenvolupat a Pisa, el
SS(V)PE®4, el COSMO®5 o el recentment desenvolupat ddCOSMO.66.67 En aquesta tesi
s’ha usat la recent implementaci6 QM/MMpol/ddCOSMO® per calcular els
energies de transicié de pigments en complexes fotosintetics. El model ddCOSMO
usa un nou algoritme de descomposicié per dominis que permet reduir el cost
computacional associat a la resoluci6 de les equacions COSMO drasticament,

permeten ser aplicat d’aquesta forma a biomolecules de grans dimensions.

1.2.1.4. Fluctuacions estructurals: Estratégia MD-QM/MM
Les fluctuacions estructurals en sistemes com I'ADN modulen de forma molt

important tant les energies com sobretot els acoblaments electronics necessaris

per tal de descriure processos CT.6%70 En menor grau, tals efectes també sén
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importants a fi d’obtenir parametres EET realistes en complexes fotosintetics. Tals
fluctuacions es poden descriure de forma en principi acurada mitjancant la
realitzaci6 de simulacions MD a nivell QM/MM, o inclus a nivell QM, estrategies
comunes en estudis, per exemple, de catalisi enzimatica. Aixo, no obstant, limita les
escales temporals accessibles a les simulacions. En aquesta tesis, s'usa una
estrategia adoptada per diferents grups d’investigacio en I'estudi de processos EET
i CT basada en combinar simulacions de MD classiques amb un processat a
posteriori d'un conjunt representatiu d’estructures a fi d’avaluar els parametres CT
o EET amb calculs QM/MM o QM/MMPol. Avui en dia, en efecte, les simulacions de
dinamica molecular han evolucionat de tal manera que els force fields actuals
permeten descriure de manera for¢a acurada les fluctuacions de proteines i de
I'ADN en l'escala de ms.”1-73 L’estrategia que s’ha seguit en aquesta tesi, doncs,
consisteix en realitzar simulacions de MD per tal de mostrejar el sistema en el seu
I'estat fonamental. A partir d’aquesta trajectoria s’extreuen diverses estructures
sobre les quals es realitzen els calculs QM/MM d’estats excitats, permeten aixi

obtenir valors mitjanats estadisticament per als parametres CT o EET calculats.

1.2.2. Parametres EET

En aquesta secci6 es descriuen els metodes usats per tal d’estimar els parametres
EET en complexes pigment-proteina fotosintetics: les energies d’excitacio, els
acoblaments electronics, i la densitat espectral d’acoblament vibronic amb els

graus de llibertat nuclears del sistema.

1.2.2.1 Energies d’excitacio

Les conegudes com a site energies son les energies d'excitacio electronica de les
diferents molecules que intervenen en el procés de EET. En aquesta tesi, les
energies dels pigments bilina en complexes fotosintetics s’han calculat usant la
metodologia QM/MMPol descrita anteriorment, en la seva extensio al context de la
teoria del funcional de la densitat depenent del temps (TD-DFT).”# Tot i que no esta
exclosa de problemes, aquesta metodologia permet calcular de forma eficient i

acurada excitacions electroniques en pigments de mida considerable, tals com els
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pigments bilina estudiants en aquesta tesi. El calcul d’energies de transicid a partir
de metodes QM/MM a nivell TD-DFT s’ha discutit en nombrosos treballs. Les

energies d’excitacio es poden obtenir a traveés de la segiient expressio:

(;* AB*) (f,:) = Wn ((1) _01) <);:> (12.9)

On les matrius 4 i B constitueixen la matriu Hessiana de I'energia electronica, i els
vectors (X, ¥,,) representen modes normals col-lectius de la matriu densitat amb
freqiiencies w,. Per tal d’incloure els efectes de I'entorn polaritzable en les matrius
A 1 B es consideren els dipols induits en la regi6 MM per la matriu densitat,
associats als vectors de transicié (X, Y,), de manera que squestes prenen la

forma:s7

!
Agipj = 0ap0ij(q — &) + Kgipj + Cgi?bj

Baipj = Kaip; + cgi‘f; ; (12.10)

on &, son les energies dels orbitals, on (3, j,...) representen els orbitals moleculars

. . . . l ’ . . .
ocupats i (a, b,...) els virtuals, i Kg; p,; i Cé’iobj son la matriu d’acoblament i la matriu

polaritzable MM, respectivament:

1

[r!=7|

Kai,b,-=fdrfdr’¢i(r’)¢>2(r’)( +gxc(r’,r)>q§j(r)¢;§(r) (12.11)

Cro; = = T (F drea (i () 2=20) i () (12.12)

[rg—7]3

on I'index k en I'equacié 12.12 representa el nombre total d’atoms polaritzables a
la regi6 MM. A continuacié ens centrem en els aspectes més especifics relacionats
amb processos EET, en concret en el calcul dels acoblaments electronics i de la

densitat espectral.
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1.2.2.2 Acoblaments electronics

L’acoblament electronic és el segon parametre clau a I’hora simular processos EET
en sistemes biologics. Com s’ha mencionat anteriorment, la magnitud d’aquest
acoblament comparada amb la de I'acoblament amb les vibracions de I’entorn,
determinara si els estats del sistema estan localitzats o deslocalitzats formant
excitons. Formalment, ’acoblament electronic descriu I'element de matriu entre
'estat inicial i final del procés, Vp, = (D*A|ﬁel|DA*), on H, és el hamiltonia
electronic del sistema, mentre que (D*A| i |DA*) sén els estats excitats localitzats
en D i A. Aquest terme es pot escriure mitjancant una expressio pertorbativa’s> com
la suma de tres contribucions diferents, Vps = Viour + Vexen + Vovip 00 Vioy €s la
interaccié coulombica entre les densitats de transicio, V..., és la interacci6
d’'intercanvi de Dexter,’® i V,,,;,, és un terme proporcional al solapament entre les

densitats de transicio:

1

VDCXul = fdrfd’r" pg*('r’) |.r_r’| pz;('r) (12.13)
VsE™ = — [ drdr'y§ (rr) 2 vi () (12.14)
Vpa P == [ dr [ dr' pf(r)p; () (12.15)

on la densitat de transicié (p}) correspon a la part diagonal de la matriu densitat
d’una particula construida a partir de les funcions d’ona de I’estat fonamental (ef) i

I'estat excitat (eex):

Voex—ef @1') = N [ o [ Woor (1 e ty))Wep (7,1 cry) drydrs dry (12.16)
pgex—ef(r) = ygex—ef(r' T) (1217)
Quan considerem transferencies d’energia permeses entre estats singlet,

I'acoblament electronic esta dominat per la seva component Coulombica, mentre

que si considerem excitacions prohibides o que involucrin estats triplet, la
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component és nul-la i entren en joc altres mecanismes d’interaccié electronica de
curt abast. En aquests casos, una forma més precisa d’estimar 1'acoblament és a
partir de calculs d’estats excitats realitzats sobre la supermolécola D+A. Si el
sistema és simetric, I'acoblament correspon a la meitat del desdoblament excitonic
entre els dos estats ressonants involucrats, |V| = |E; — E,|/2.77 Altres métodes
meés generals es basen en la diabatitzacidé dels estats involucrats i el calcul directe
del seu acoblament.?

Aquesta tesi es centra només en l'acoblament electronic per EETs entre estats
singlet, els quals caracteritzen els processos de captura de llum en els complexes
fotosintetics criptofites estudiats. En aquests casos el terme Coulombic és
dominant i els termes de curt abast es poden negligir. En aquesta tesi s’ha calculat
aquest terme a partir de les densitats de transicié derivades de calculs TD-DFT
QM/MMPol, seguint la equacio 12.13. Aquesta estrategia, doncs, permet evitar
I'aproximacié en dipols puntuals (PDA) habitualment usada en estudis d’EET, la
qual dona lloc a la coneguda dependencia R-® de la velocitat d’EET en la teoria de

Forster:

VR = luollpal - (12.18)

k= fip - Aia — 3(Ap - Rpa)(fia - Rpa) (12.19)

on |pp| i |al sén els moduls dels dipols de transicié de D i A, R, és la distancia
entre dipols i k representa la orientacid relativa entre ells. L’avantatge d’aquesta
aproximacio rau basicament en la seva simplicitat, ja que sols requereix coneixer
els dipols de transicio i posicio relativa dels cromofors, informacié que sovint es
pot extreure de mesures experimentals. D’altra banda, el seu limit d’aplicabilitat
esta acotat a distancies intermoleculars Rp, majors que les dimensions de la
molecula en si, obtenint errors significatius per distancies curtes.”®

Una alternativa eficient al calcul explicit del terme Coulombic, pero que a
diferencia de I'aproximacié PDA també té en compte els detalls de la forma dels
cromofors, es basa en expressar les densitats de transicio a partir d’'un conjunt de
carregues atomiques de transicio (TrCh). En aquest cas I'acoblament Coulombic ve

donar per:
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(K)ap(L)
Vap" =Yk —q‘;RK_qI';M (12.20)

on K i L iteren sobre els diferents atoms de D i A, respectivament, i gy i i Ry sén les
carregues de transici6 i les seves posicions a I'espai. Aquestes es poden estimar a
partir d’analisis de poblaci6 com el de Mulliken. Una estrategia més precisa, pero,
consisteix en derivar-les per ajust del potencial electrostatic al voltant de la
molecula, tal i com es fa habitualment per derivar models de carregues en camps
de forces classics.”? Tot i obtenir I'acoblament de manera aproximada, aquest
metode representa una alternativa rapida i plausible quan s’ha de calcular un gran

nombre d’acoblaments, per exemple, quan es parteix d’'una simulacié MD.

a)

Hp

Figura 4. Representacié grafica de les densitats de transici6 de
dues molecules utilitzant diferents aproximacions per calcular-
ne la interacci6. (a) PDA , equacié (13.18). (b) Interaccié
completa entre les densitats de transicié, equaci6 (13.13).

D’altra banda, I'entorn pot introduir grans variacions en 'acoblament electronic.
En primer lloc, 'entorn pot modificar 'estructura tant geomeétrica com electronica,
impactant tant les energies d’excitacié com les densitats i els dipols de transicié de
les molécules involucrades. Aquest efecte indirecte és menor pero comparat amb
I'impacte explicit de I'’entorn en la interaccié Coulombica entre D i A, que indueix
un fort apantallament en 'acoblament. La teoria de Forster descriu aquest efecte

mitjancant el factor d’apantallament s = 1/¢,,,, on la constant diélectrica del medi



INTRODUCCIO

s’expressa a partir del I'index del seu index de refraccio ,,, = n®. En biomolécules
és comu adoptar un valor ¢,,; = 2, el qual redueix la velocitat d’EET per 4, fet que
il-lustra la importancia d’aquest efecte. En estudis teorics d’EET es sol adoptar
aquest factor d’apantallament, o altres també constants basats en considerar dos
dipols situats a cavitats esfériques dins del dieléctric, s = 3/(2¢y,¢ + 1).8
Tanmateix, el desenvolupament de metodes hibrids QM/Classics ha revelat que el
factors d’apantallament depen de la forma i orientaci6 de les molecules acoblades,
aixi com de la distancia entre elles.81.82 En aquesta tesis aquest efecte s’ha descrit a

nivell atomic mitjancant el model EET QM /MMPol descrit a continuacio.

1.2.2.2.1. El model EET QM /MMPol

Tal i com s’ha mencionat anteriorment (secci6o 1.2.1.2.2.) el model QM/MMPol
adopta una descripcié atomistica polaritzable de I'entorn MM classic. En aquest
context, I'acoblament es pot expressar com la suma del terme Coulombic i un

terme explicit mediat per I'entorn MM:57

VDA — VCoul VMMPol (1221)
VERH = [ dr [ dr’ ph*(r') A () (12.22)
VaPel = — 5 (J drob () ) wi (o] (12:23)

A partir d’aquesta expressio, es pot definir el factor d’apantallament com:

Vpa ngul_l_VMMPol

VCoul Coul (1224)
DA

Vpa

S =

El model MMPol ha permes avaluar per primera vegada I'impacte que té un entorn
polaritzable heterogeni en processos EET, suposant un salt qualitatiu a I'hora de
descriure I'impacte de I’entorn en els acoblaments electronics en biosistemes. En
efecte, la seva aplicaci6 a diferents complexes fotosintetics,61.83-85 a 3acids

nucleics®®87 i a complexes proteina-lligand’# indiquen que de mitja s’obté un efecte
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similar al descrit per un model continu a partir d’un valor ¢,,, = 2, tal i com es sol

op
assumir en biosistemes. Tanmateix, s’ha observat que aquests valors depenen

fortament de 'entorn local i la posici6 relativa dels cromofors involucrats, donen

pD ] Coul

DA

o \ ~ / 7ol
R —ind T
~ MU, (pD )

Figura 5. Representacié grafica de les densitats
de transicié de dues molécules i els acoblaments
directe i mediat per I'entorn.

lloc a valors d’apantallament corresponents a constants dielectriques efectives

entre ~11i 3.

1.2.2.3 Densitat espectral d’‘acoblament vibronic

Les propietats dinamiques de 'entorn juguen un paper important a l’hora de
descriure processos EET. Es fonamental descriure la modulacié dinamica, tant de
les energies d’excitacié com dels acoblaments electronics, degut a I'acoblament
entre els estats electronics i les vibracions nuclears de I'entorn (proteina i solvent).
Aquest acoblament doéna lloc a fluctuacions en els nivells d'energia dels diferents
elements involucrats, que pot conduir, per exemple, a una localitzaci6 excitonica.

Aquestes propietats dinamiques derivades de l'acoblament amb I'entorn es
concentren en el que s'anomena la funcié de densitat espectral J;(w), que descriu
la forca de 'acoblament entre el sistema i les vibracions de I'entorn, en funcié de la
freqiiencia, per a cada excitaci6 i. La funci6 de densitat espectral es divideix

generalment en dos termes:
Ji(w) = Joi(@) + Jyip,i(w) (12.25)

on Jo;(w) descriu l'acoblament de les transicions electroniques a un «bany»

continu de modes vibracionals de baixa freqiiencia deguts a la proteina i el solvent.



INTRODUCCIO

D'altra banda, J,;,;(w) descriu 'acoblament a modes vibracionals discrets d'alta
freqiiencia, deguts basicament a vibracions intramoleculars.

Experimentalment, la funci6 de densitat espectral es pot mesurar mitjancant
diferents técniques espectroscopiques, com les anomenades spectral hole-burning
o fluorescence line-narrowing. No obstant, per un sistema amb multiples estats
excitonics, només és possible obtenir la funci6 de densitat espectral per I'excit6 de
meés baixa energia, o una mitjana entre diferents estats poblats de baixa energia. En
aquest context, les simulacions tedriques permeten explorar si tals densitats
espectrals poden ser modulades per diferents entorns locals, i impactar d’aquesta
forma la dinamica d’EET i els possibles efectes de coherencia observats
experimentalment.

A rel de la importancia de la densitat espectral, als ultims anys ha crescut I'interes
per desenvolupar técniques computacionals precises per a la estimacié d’aquesta
quantitat. Les diferents tecniques a l'abast es divideixen basicament en dos grans
grups, les basades en l'exploracié de les fluctuacions estructurals del sistema a
través de simulacions MD, i les basades en analisis de modes normals de vibraci6

(NMA).

1.2.2.3.1. Métodes basats en simulacions MD

Aquestes tecniques es basen en descriure l'evolucié temporal de les energies
d'excitacié, combinant simulacions de dinamica molecular classiques en l'estat
fonamental amb calculs QM/MM dels estats excitats al llarg de la trajectoria. Es el
que es podria anomenar novament MD-QM/MM (seccié 1.2.1.4.). A diferencia del
cas anterior pero, en el que només es pretén mitjanar certes propietats sobre les
fluctuacions estructurals, en aquest cas l'interes es centra en l'evolucié temporal
d'aquestes. Per tant, aquesta tecnica requereix la realitzacié de calculs QM/MM
d’estats excitats al llarg de la trajectoria cada 2-5 fs, per tal de capturar les
oscil-lacions més rapides del sistema que s'acoblen a les energies d'excitacio,
resultants de les vibracions dels enllacos entre atoms pesats. Aixo significa una
quantitat massiva de calculs QM/MM, fet que resulta un dels factors limitants

d'aquesta tecnica, restringint la seva aplicacié a pocs centenars de picosegons, de
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manera que els moviments més lents queden inexplorats, al mateix temps que
limita el nivell de calcul emprat en la regié QM.

Aquesta técnica permet la determinacié simultania de les dues contribucions
mencionades Jg; (@) i J,ip,:(®), ja que la funci6é de densitat espectral s'obté a partir
de la transformada de Fourier de la funci6é d'autocorrelaci6 de les fluctuacions de

les energies d'excitacio:
Ji(w) = /37‘“ J,7 e e) cos(wt)dt (12.26)

on = 1/KpT i CF'(t) és la funcié d'autocorrelacié classica de les fluctuacions de

les energies d’excitacio que ve donada per |'expressio:
" »
Cf' (1) = 3= Tt BE(t; + BAE (8) (12.27)

El principal inconvenient d'aquesta tecnica rau en la utilitzacié de simulacions MD
basades en camps de forces classics aproximats per descriure els moviments
nuclears, fet que porta a una sobreestimaci6 de l'acoblament als modes
vibracionals intramoleculars d'alta freqiiencia. Una possible solucié a aquestes
limitacions és el desenvolupament de camps de forces especialitzats capacos de
descriure de manera acurada la superficie d'energia potencial (PES) quantica de les
molecules involucrades, o 1'is de simulacions QM/MM MD, en que les molecules

d'interes son descrites a nivell QM al llarg de tota la dinamica.88

1.2.2.3.2. Métodes basats en NMA

Una alternativa al metodes basat en MD descrit en l'apartat anterior consisteix en
calcular l'acoblament vibronic a partir de tecniques QM d'analisi dels modes
normals de vibracié. L'esséncia d'un analisi de modes normals és la diagonalitzacié
de la matriu Hessiana, la inversa de la qual proporciona la matriu de covariancia,
que conté una descripci6 detallada dels desplacaments de tots els atoms sobre la

posicié d'equilibri (minim d'energia), incloent les fluctuacions individuals i les
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corresponents correlacions. La idea principal d'aquesta tecnica, és que tot sistema
en equilibri fluctua al voltant d'una sola conformaci6é definida, de manera que
aquestes fluctuacions es poden calcular assumint una forma simple i harmonica
del potencial.

Un model que permet relacionar aquest analisi NMA amb la densitat espectral és
I'anomenat displaced harmonic oscillator model (model de l'oscil-lador harmonic
desplagat) o vertical gradient model (model del gradient vertical), que descriu
I'acoblament vibracional en 1'estat fonamental i l'estat excitat. Aquest model es
basa en certes aproximacions, la primera, igual que en el cas dels modes normals,
és que la PES de l'estat fonamental té una forma harmonica. La segona, rau en que
les segones derivades tant de la PES de I'estat fonamental com de I'estat excitat son
iguals, de manera que la Unica diferencia entre aquestes dues PES és la posici6 del

minim, que es troba desplacat.

H A -
T >

0 d Coordenada de reaccid

Figura 6. Representacié del model DHO. On Hgi He
son les superficies d’energia potencial dels estats
fonamental i excitat, respectivament.

La idea principal és que en la posicio d'equilibri de 1'estat fonamental, el gradient
de la PES de l'estat excitat (vertical gradient) és igual que el gradient de la
diferencia d'energia (energy gap) U, que ve donat per la diferencia entre les dues

PES:

2
i

Hg: Ii\il(p

2m;

1
+mw?q?) (12.28)
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He = 08y + T, (-4 miw? (g - d)?) (12.29)
~ ~ 1 ~
U@ = H, — Hy = 0y — X (0?dig; + 5 w?d?) (12.30)

on Hy i H, son les PES dels estats fonamental i excitat, d és el desplacament entre
les posicions d'equilibri de I'estat fonamental i I'excitat, wg, és 1'energia d'excitacid
adiabatica i w; és la frequiencia del mode vibracional i.

El desplagament d; del mode i es pot obtenir mitjancant d; = —f;/w?, on f és el
gradient vertical en coordenades normals, que es pot obtenir a partir del gradient
vertical en coordenades cartesianes, la matriu de masses nuclears i els modes
normals de vibracié expressats en coordenades cartesianes mitjanades per massa.
D'aquesta manera s'obtenen finalment els factors Huang-Rhys de cada mode

vibracional, a partir dels quals s'obté la funcié de densitat espectral:

_wdf R A
Si T o2n Zha)l-3 - hw; (1231)
C,,(w) =Tw Zi:O Si w; (1232)

Aquesta teécnica ha estat emprada per al calcul de les contribucions
intramoleculars de la funcié de densitat espectral,® J,;,;(w), mentre que la
contribucié continua de la funci6, J,;(w), s'introdueix mitjan¢ant un oscil-lador

Brownia sobreatenuat (overdamped Brownian oscillator):

Clloo (W) = mAw —~ (12.33)

w?+y?

on A és l'energia de reorganitzacio total i y és la constant d'atenuacio.

Paral-lelament, la tecnica NMA també ha sigut aplicada per Renger et al.?0 per
obtenir la part de baixa freqiiencia de la densitat espectral, a partir d’'una
minimitzacio i analisis NMA d’'un complex fotosintetic sencer basada en camps de

forces classics, mantenint els modes vibracionals intramoleculars congelats,
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permeten estimar d’aquesta forma la modulacié de les energies de transicio6 al llarg
de les coordenades de cada mode.

Un dels problemes fonamentals d'aquests metodes és l'aproximacio a un sol minim
en l'analisi de modes normals, ja que especialment les biomolecules es

caracteritzen per tenir PES amb multiples minims.

1.2.3. Parametres CT

En aquesta secci6 es descriuen els metodes usats per tal d’estimar els parametres
CT en I'ADN: les energies dels estats radical cati6 i els acoblaments electronics.
L’energia de reorganitzaci6 no s’ha estimat, sino que hem assumit en tots els casos
un valor de 0.7 eV.7 En processos CT en biomolecules, es solen assumir valors de 1
entre 0.5 i 1.5 eV. El valor 0.7 eV representa un compromis entre un valor de
0.6+0.1 eV estimat experimentalment per a processos HT en oligonucleotids,®? i
valors ~0.8-1.5 eV obtinguts en diferents estudis computacionals per HT entre

llocs adjacents.

1.2.3.1. Energies d’estats radical catié: Aproximacié de Koopmans

Per a un procés de transferencia de carrega entre dues molécules, 1'energia o la
diferencia d'energia entre aquestes dues es pot estimar de manera raonable
aplicant I'aproximaci6 de Koopmans.?? Aquesta postula que en un sistema de capa
tancada, aplicant la teoria de Hartree-Fock, el potencial d’ionitzacié correspon al
negatiu de 1'energia de I'HOMO per al sistema neutre. En un sistema DA, per tant,
podem estimar els potencials d’ionitzaci6 corresponents a A*D i AD* a partir de les
energies dels orbitals ocupats de més alta energia localitzats sobre D i A. Aixi, la
diferencia d'energia entre aquests dos estats es pot estimar a partir de la diferencia

entre les energies de 'HOMO i 'HOMO-1 calculades pel sistema neutre AD.

AEsp = Egomo — Enomo-1 (12.34)
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Aquesta estrategia és pot estendre a sistemes neutres amb multiples moléecules. En
aquesta tesi s’ha seguit aquesta estrategia per a calcular les energies de multiples
llocs mitjangant calculs QM/MM semiempirics INDO/S en sistemes neutres formats
per multiples parells de nucleobases. Estudis previs han mostrat que el metode
INDO/S és capac d’estimar energies i acoblaments electronics per a processos HT
entre nucleobases apilades a partir de 'aproximacié de Koopmans per comparacié
amb calculs d’alt nivell CASPT2, especialment en el calcul d’acoblaments

electronics en comparacio amb altres metodes semiempirics.?3

1.2.3.2. Acoblaments electronics: El métode FCD

L’acoblament electronic és un parametre clau en el control de la velocitat de CT, i la
seva definici6 pot variar depenent de si es consideren processos de migracio
d’electrons (ET) o de forats (HT). Igual que en un procés EET, si D i A tenen estats
ressonants, 'acoblament electronic correspon a la meitat de la diferéncia d’energia
entre els estats desdoblats en el sistema DA, Vp, = 2 E;,. Malgrat aix6 en sistemes
reals asimetrics, aquest procediment resulta impracticable. Aixi, s’han
desenvolupat diverses estrategies per a la obtencié directe de l'acoblament
mitjancant tecniques de diabatitzacid dels estats electronics involucrats, tals com
els metodes generalized Mulliken-Hush (GMH)%, fragment charge difference
(FCD)?% i Boys localization®®.

En aquesta tesi s’ha utilitzat el metode FCD per a l'obtencié de I'acoblament
electronic en processos HT a través de la doble héelix de '’ADN. Aquest metode es
basa en aplicar una transformaci6 lineal d’estats adiabatics [|y;) i |1/Jf> a estats
diabatics |Yp) i |Y,). Els estats diabatics sén aquells en que la carrega esta
completament localitzada en una de les dues molecules, mentre que els estats
adiabatics corresponen als estats propis del sistema DA, on I'acoblament dona lloc
a una certa deslocalitzacié de la carrega entre D i A.

Pels estats deslocalitzats [i;) i |zpf), la carrega q;(F) esta localitzada en el fragment
F =D, A (ja que F és una mescla de D i A). Si apliquem una transformacié ortogonal

als estats adiabatics obtenim els estats diabatics segiients:
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[Yp) = cos O ; + sin 6 Yy,
[Y4) = —sin B Y; + cos O Py (12.35)

de tal manera que la carrega ja no esta localitzada en el fragment format per la

mescla entre D i A, sin6 que esta localitzada en D o en A:

q(D) = (cpi cos 8 + cpysinB)? = q;(D) cos? B + q¢(D) sin® 6 + q;; sin 26,
q(A) = (cap cos O — cy;sin0)* = qr(A) cos? 6 + q;(A) sin® 6 — q;; sin 26 (12.36)

on q;r(D) = cp;cpy. Per tant, cal determinar I'angle de rotacié 6 en que els nous
estats |p) i |Y,) representin una transferéncia de carrega maxima del donador a

'acceptor, de manera que es maximitzi qg(D) + q(A):

ZA‘h‘f
Aqi—Aqf

tan 260 = (12.37)

Aixi, s’obté que l'acoblament electronic entre els estats localitzats |Yp) i [¥,),

Vpa = (plH4) = S(Ef — E;) sin 20, a partir de I'expressi6 segiient:

(Ef—Ep|air| (12.38)

Vpa = 2,
(ACIf—A‘Ii) +4'qif
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1.3. Modelitzacié de processos EET en complexes fotosintetics:

ficobiliproteines

Un dels processos més importants d’EET en sistemes biologics que tenen lloc a la
terra és la fotosintesi. La fotosintesi és un procés biologic en el que l'energia
provinent del sol en forma de llum, és recol-lectada i emmagatzemada a través
d'una serie de passos capacos de convertir aquesta energia en 1'energia bioquimica
necessaria per sostenir la vida a la terra. Per tant, directa o indirectament, la
fotosintesi és el motor de totes les cel-lules vives.?798

Es coneixen dos tipus de fotosintesi, la oxigenica i I'anoxigenica. Les plantes, les
algues i els cianobacteris porten a terme la fotosintesi oxigénica, mentre que la
resta de bacteris porten a terme la fotosintesi anoxigenica. En la fotosintesi
oxigenica s'hi veuen implicades un seguit de reaccions coordinades que es poden
dividir en tres fases diferenciades. La primera fase comenca a la regié de la
membrana del tilacoide (Figura 7) amb el procés d'absorcié de llum a través de les
anomenades proteines antena. Aquestes son les encarregades de transferir
aquesta excitacié provinent de la llum, amb la maxima conservacio6 possible, fins al
centre de reaccid, on té lloc la segona fase. En aquesta, l'energia d'excitacio es
converteix en l'energia redox necessaria per portar a terme el transport
d'electrons i la producci6 d'ATP i NADPH, per finalment utilitzar aquests
compostos en la tercera fase per a la reducci6 del CO i fixacié del carboni, entre

d'altres reaccions metaboliques.

+ Membrana
del tilacoide

Ficobiliproteina ESTROMA

Figura 7. Estrcutura i parts del granum dins del cloroplast. En
groc estan representades les ficobiliproteines que es troben
suspeses en el lumen, a lI'interior de la membrana del tilacoide.
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Gran part d'aquesta tesi es centra en l'estudi i la modelitzaci6 dels processos que
tenen lloc en aquesta primera fase de la fotosintesi, a través dels quals les
proteines antena recapten la llum i en transfereixen l'energia al centre de reaccid.
Es interessant remarcar que a diferéncia dels complexes presents en els centres de
reaccid, que presenten una arquitectura, composici6é i funcié molt conservada
entre tots els organismes fotosintetics®® , la gran diversitat estructural present en
les proteines antena les ha fet especialment atractives a I'hora de buscar inspiracié
per a incrementar leficiéncia de les actuals cel-les solars. Es el que s'anomena
bioinspiracio.

Es fascinant com, al llarg dels tltims 3 bilions d'anys, I'estructura d'aquestes
proteines antena ha evolucionat en gran varietat d'organismes, no sols
optimitzant-se, sind també adaptant-se a nous habitats i situacions canviants, com
ara a diferents condicions de disponibilitat de llum en diferents moments del dia, o
en l'aprofitament de la llum incident disponible en organismes subaquatics. Es
evident doncs, que el que fa interessant l'estudi d'aquestes proteines no és només
la possibilitat de reproduir la seva eficiencia en sistemes artificials, sind també
intentar entendre les caracteristiques clau que les fan adaptables i funcionals sota

diferents circumstancies.

1.3.1. Estructura i funcié de les ficobiliproteines

Com s'ha mencionat anteriorment, les proteines antena presenten una gran
diversitat estructural entre organismes. En totes elles, pero, el procés de recaptacio
de llum s'inicia gracies a diferents pigments especialitzats, que a grans trets es
poden dividir en tres grups: clorofil-les, carotenoides i ficobilines. Com es pot
veure en la Figura 8, aquests pigments cobreixen practicament tot l'espectre de la
llum visible, de manera que la distribuci6 individual o combinada dels diferents
pigments dins d’'una antena fa possible una cobertura més o menys especifica de la

llum incident segons I'habitat on es trobi.
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Ficoeritrina Ficocian
Clorofil-laa

Absorbancia

450 500 550 650
Longitud d'ona (nm)

Figura 8. Espectres d'absorci6 de diferents pigments
fotosintétics.

En el marc d'aquesta tesi s'han estudiat diferents tipus de proteines antena que
tenen com a element en comu 1'ts de ficobilines com a unic tipus de pigment: s6n
les anomenades ficobiliproteines (PBP).

Les ficobiliproteines son les proteines antena presents en els cianobacteris i certs
tipus d’algues (rhodophytes, cryptomonads, glaucocystophytes). Estan formades
unicament per ficobilines, que presenten una estructura tertapirrolica lineal, i que
a diferencia de les clorofil-les, estan unides de manera covalent a 'estructura
proteica a través de residus de cisteina especifics. Es precisament gracies a la
preséencia d’aquests pigments que els organismes que posseeixen aquest tipus de
proteines antena son especialment actius a la regié blava-verda de I'espectre, on
les clorofil-les i carotenoides no presenten practicament activitat (Figura 8). Es per
aixo que els organismes que han adoptat aquest tipus d’antena soén basicament
organismes aquatics, ja que la llum verda és la que és capag¢ de penetrar a grans
profunditats d’aigua, de manera que la capacitat d’absorbir la llum a aquestes
longituds d’ona confereix a aquests organismes la possibilitat de viure a més
profunditat que els organismes que sols contenen clorofil-les en les seves antenes.
Aquestes proteines antena pero, son simplement les encarregades de recol-lectar
la llum i transferir-la, de manera eficient, al centre de reaccid, constituit
basicament per clorofil-les.

Una de les principals caracteristiques que fa atractives les ficobiliproteines és la

gran diversitat de ficobilines que es coneixen i que poden coexistir de manera
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combinada en una mateixa antena. Es precisament aquesta riquesa en la
composicio la que és capa¢ de modular I'absorcié d’aquestes proteines antena,

conferint-los la capacitat d’adaptar-se a diferents habitats amb diferents

disponibilitats de llum.

Es coneixen nou tipus diferents de ficobilines (Figura 9) que poden variar en estat
d’oxidacid, nombre de dobles enllacos, grau de conjugacié i nombre de punts
d’'uni6 covalents a la proteina. D’aquestes nou, només dues, PCB i PEB, son

presents en cianobacteris i algues rodoficies, mentre que tota la resta només s’ha

trobat en criptofits.
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Figura 9. Estructura dels nou tipus diferents de ficobilines que es
coneixen.



56

CAPITOL I

La seva estructura lineal conjugada, amb gran llibertat conformacional entre els
quatre anells de pirrole, i la possibilitat de modular I'estat de protonaci6 dels dos
anells centrals, fa que la modelitzaci6 d’aquest tipus de pigments sigui
especialment complicada. Les petites diferencies entre els diferents tipus de
ficobilines i el gran paper que juga l'entorn local proteic fa que sigui un
desafiament per als metodes computacionals actuals obtenir de forma precisa les
energies d’excitacio relatives en complexes formats per multiples ficobilines. En
aquesta tesi s’ha treballat en aquesta direccid, desenvolupant i contrastant
diferents metodologies per tal d’intentar obtenir un conjunt de valors fiable i amb
sentit fisic, capag de reproduir algunes de les dades experimentals que s’han pogut
adquirir i definir per tant models per als camins d’EET que tenen lloc en aquests

sistemes.

1.3.1.1. Criptofits

Les algues del filum dominat per criptofits son un grup d’algues unicel-lulars que
es poden trobar tant en entorns d’aigua dolga com marina, generalment a grans
profunditats. Se’'n coneixen aproximadament unes 200 especies'?, no obstant,
cada especie conté un sol tipus de ficobiliproteina en la seva antena.

Els diferents tipus de PBPs presents en els criptofits presenten una estructura
similar basada en un heterodimer aa’f32, no obstant, s’han observat casos en els
que es presenta una simetria total (af3)2. Tot i que les subunitats 3 d’aquestes PBPs
comparteixen un alt grau de identitat amb la seqiiencia de les subunitats a i 8
presents en les PBPs dels cianobacteris o les algues vermelles?l, les subunitats a
son més curtes, i no presenten similitud amb cap altra proteina coneguda. Cada
subunitat a conté solament un pigment, mentre que cada subunitat § en conté tres,
un dels quals esta unit a la proteina per ambdds extrems de l'estructura
tetrapirrolica. Es curiés observar que, tot i variar en la composicié dels pigments
presents en cada proteina, les posicions en les que s’uneixen estan completament
conservades: a-Cys 18 (o0 19), B-Cys 50-61, 3-Cys 82 i 3-Cys 158.

Els dos pigments que es troben doblement units a ’estructura proteica son en tots

els casos els dos pigments centrals. Fins fa uns anys s’havia observat en totes les
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estructures que aquesta parella de pigments es trobaven a distancies de contacte
I'un de l'altre, fet que provocava un acoblament fort entre els dos pigments
(acoblament excitonic). Aquesta disposici6 es creu que pot ser d’especial
rellevancia per explicar els fenomens de coheréncia electronica observats en els
ultims anys en aquestes PBPs.22102 Tanmateix, pero, recentment s’ha descrit una
conformacié quaternaria nova per aquest tipus de PBPs.32 Aquesta nova

conformacié és fruit dels efectes esterics generats degut a la inserci6 d'un

Figura 11. Estructures de les conformacions tancada
(a) i oberta (b) de les ficobiliproteines presents en els
criptofits.

aminoacid en una regié conservada de la seqiliéncia, just després del punt d’unié
del pigment a la subunitat a. Aquesta insercié provoca una rotacié d’'uns 70° d’'un
dels dos monomers generant una conformacio6 “oberta”, en la que els dos pigments
centrals queden separats per un canal (Figura 11). El descobriment d’aquesta
“nova” conformacié, i en especial, el fet que els fenomens de coheréncia
mencionats anteriorment desapareixen en aquesta estructura “oberta”, ha obert la
porta al debat de si aquests fenomens observats eren o no significatius per la
transferencia eficient de I'energia, o si es podria tractar d’'una adaptacio6 de certes

especies a noves circumstancies luminiques.

A diferéncia de les PBPs presents en els cianobacteris o en les algues vermelles,
que s’organitzen formant el PBS, en aquestes algues es troben suspeses en el
lumen, a l'altra banda de la membrana tilacoide. Aquesta caracteristica, les fa

diferents no només dels cianobacteris sin6 de la resta d’organismes
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fotosintetics193, que tenen les seves proteines antena dins de la membrana
tilacoide o adherides a la cara externa d’aquesta (estroma). Com s’ha mencionat
anteriorment, quan la llum incident és excessiva, molts organismes han
desenvolupat diferents mecanismes de fotoproteccid. Molts d’aquests mecanismes
son regulats mitjancant un canvi en el gradient de pH a través de la membrana
tilacoide, que pot fer variar el pH del lumen entre 5 i 7. Aix0 fa que aquestes PBPs
es trobin immerses en un entorn canviant que pot tenir un efecte directe,
modificant 'estat de protonaci6 dels pigments o dels aminoacids de la proteina, o
indirecte, ja que aquests canvis en l'estat de protonacié poden fer variar les
diferents energies d’excitacido i modificar-ne el procés global de transferencia
d’energia.

D’altra banda, poc es coneix encara de l'agregacid biologica d’aquestes proteines
dins el lumen, i de com transfereixen I’energia recol-lectada al centre de reaccid.
Fins al moment, no s’han trobat evidéncies de si es troben en forma
d’heterodimers com s’ha vist en les estructures cristall, “lligades” a la membrana o

si s’organitzen formant algun tipus de complex, com en el cas del PBS.
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1.4. Modelitzacio de processos CT en ADN

L'ADN (acid desoxiribonucleic) és ampliament conegut, ja que és el responsable de
la informaci6 genetica de practicament tots els organismes vius. La seva estructura
molecular caracteristica en forma de doble heélix, punt clau per a la seva
modelitzacio, va ser descoberta per F. Crick i J. D. Watson el 1953.194 No va ser fins
el 1962 quan es va descobrir que aquesta estructura particular presentava
propietats electroniques,1%> que permetien a I'ADN actuar com a conductor organic
d'electrons gracies a les interaccions m-m entre les diferents bases apilades.

En els ultims anys s'han fet grans avencos, tant des d'un punt de vista teoric com
experimental, de cara a entendre els mecanismes CT a través de I'ADN. Avui en dia
aquests processos sOn ben coneguts i se sap que, en funcié de la seqiiéncia, una
carrega pot migrar a través de la doble helix fins a 200 nanometres. Aquesta
habilitat és d'especial interes en arees tant diverses com la carcinogenesis o
|'electronica molecular.106

Altrament, s'ha observat que aquests processos CT poden tenir lloc també entre
I'ADN i certs aminoacids, principalment el triptofan i la tirosina, gracies a la seva
cadena lateral aromatica.l#1> Per tant, l'estudi en profunditat dels parametres que
dirigeixen la transferencia de carrega entre 'ADN i certs aminoacids aromatics
d'una proteina adjacent és fonamental, ja pot tenir implicacions importants en la
reparacioé i proteccié del material genetic.

Per a la modelitzacié d’aquests processos de CT s’ha de tenir en compte que I’ADN
es troba en un ambient aquoés i, que tot i estar empaquetat, esta subjecte a
fluctuacions estructurals que influeixen en el procés CT. Per tant, és important

tenir en compte els aspectes dinamics, tant de '’ADN com de I’entorn.

1.4.1. Estructura de I'ADN

Com s’ha comentat anteriorment, I’ADN presenta una estructura caracteristica en
forma de doble helix . Aquesta estructura esta formada per unes molecules que
s’anomenen nucleotids, constituides per un grup fosfat, que és el que fa de nexe

entre els diferents nucleotids, un sucre i una base nitrogenada.
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En 'ADN es troben quatre tipus diferents de bases nitrogenades que es poden
dividir en dos subgrups; de manera que en funci6 de si la seva estructura deriva de
la purina o la pirimidina tindrem les bases puriques o pirimidiniques. Les bases
puriques estan constituides per I'adenina (A) i la guanina (G), mentre que les bases
pirimidiniques per la timina (T) i la citosina (C). Aquestes bases no s’aparellen de
manera aleatoria per unir les dues cadenes, ja que perque I'estructura sigui estable
s’han de formar els ponts d’hidrogen necessaris que I'hi confereixin una maxima
estabilitat i complementarietat. Per tant, les parelles de ball s6n sempre A-T i G-C,
aixi que si imaginem l'estructura de la doble helix com una escala de cargol, les
molecules de fosfat i els sucres serien els passamans mentre que les bases

nitrogenades serien els graons.

Pirimidiniques Puriques

Figura 12. Estructura de la doble hélix i estructura i interacci6 de les bases
nitrogenades pirimidiniques (T, C) i puriques (4, G).

D’altra banda, l'ordre d’aquestes bases dins d’'una mateixa cadena és el que
determina el codi genetic, al mateix temps que l'estabilitat de la doble heélix o

I'eficiencia en el procés CT.
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1.4.2. CT a través de I'ADN

Quan es parla de transferéncia de carrega a través de I’ADN, com s’ha mencionat
anteriorment (secci6 1.2.3.), es pot parlar tant de HT com d’ET. En cadenes
oxidades, el que migra a través de la doble heélix és un radical catié (un forat),
mentre que en cadenes reduides és un radical ani6é (un electr6). No obstant, com
que l'estres oxidatiu i la radiacié UV son les principals causants de danys en ’ADN,
la majoria d’estudis tan experimentals com teorics s’han portat a terme per
processos de HT, en cadenes oxidades.107

Donat que els potencials d’oxidacié de la guanina i 'adenina, i en especial el de la
guanina, sén menors que els de la citosina o la timina, el procés HT s’inicia
mitjancant la formacié d'un radical cati6 de la guanina (G*). Posteriorment, una
guanina proxima a la primera, I'hi transfereix un electro, de manera que el “forat”
es transfereix de la primera a la segona guanina. D’aquesta manera, el procés HT se
succeeix fins que el radical cati6 reacciona de manera irreversible amb una
molecula d’aigua.198 Per tant, el procés de transferencia a través de I’ADN a llargues
distancies és possible sempre i quan la transferéncia de 'electr6 d’'una guanina a
I’altra sigui més rapida que la velocitat de reaccié amb l'aigua.

L’eficacia del procés de transferéncia de carrega depen basicament de la seqiiencia
de bases en la doble helix. Com s’ha mencionat anteriorment (secci6é 1.2.3.) un dels
elements que dictaminen la velocitat de la transferencia és I'acoblament electronic
entre les dues guanines, i aquest acoblament electronic com ja s’ha discutit (secci6
1.2.3.2.) depen en gran part de la distancia entre les dues moléecules involucrades.
Un fenomen important, és el que s’anomena electron tunneling, que es produeix
entre guanines i esta mediat per les parelles A-T. Tot i que aquestes dues bases
tenen un potencial d’oxidacié massa alt per ser oxidades, la interaccié dels seus
estats virtuals amb les guanines implicades, facilita significativament el procés de
HT. S’ha observat pero, que tot i que la velocitat de transferéncia es redueix al
voltant d'un ordre de magnitud per cada parell A-T entre guanines, quan el “pont”
esta compost per quatre o més parelles A-T, la formacié d'un catié radical de
'adenina entra en joc.199

D’altra banda, 'impacte en el procés HT de defectes, lesions o conformacions

inusuals en I'estructura, aixi com d’interaccions amb proteines, representa encara
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un camp en estudi. En el marc d’aquesta tesi s’ha estudiat com es veu afectat el
procés HT davant I'abséncia de bases nitrogenades en la seqiiencia, el que s’ha
anomenat com a posicions abasiques (abasic sites). Aquestes posicions abasiques
son lesions molt freqlients que es donen, en molts casos, de manera espontania
degut al trencament de l'enlla¢ glicosidic i la perdua de la corresponent base
nitrogenada. També s’ha estudiat I’efecte de la interaccié amb certs aminoacids de
proteines que interaccionen amb la doble hélix, com ara enzims, i la possibilitat de

que aquests aminoacids intervinguin en el procés de transferéncia de carrega.

1.4.3. CT en sistemes ADN-proteina

Gran part de les funcions que desenvolupa I'’ADN, com ara la transcripcid,
I'empaquetament, la replicacié o la reparacié de danys, depenen de la interaccié
amb diferents proteines o enzims. Aquestes interaccions poden ser especifiques,
on la proteina s’uneix a una seqiiéncia en particular de ’ADN, o no especifiques.
Sha observat que la uni6 de proteines a la doble helix pot afectar
considerablement el processos CT a través de I'ADN. Per exemple, aquests
processos son els precursors dels mecanismes de reparacié que certes proteines
especifiques porten a terme per reparar el dany oxidatiu en ’ADN.

La gran majoria d’estudis que s’han portat a terme fins al moment han estat
centrats en els processos de transferéncia a través de ’ADN aillat. No obstant,
també s’han estudiat aquests processos en complexes ADN-proteina com ara la
unié de I'enzim metiltrasferassa Hhal. S’ha observat experimentalment que la unié
d’aquest enzim a la doble helix atenua drasticament el procés de transferencia de
carrega mediat per ’ADN, mentre que la uni6 d’'un mutant de triptofan en
restitueix, i inclis n’accelera, el procés de transferéncia.l415 També s’han observat
processos de transferencia de carrega de histones a ’ADN110 jgual que de peptids
(Lys-Trp-Lys i Lys-Tyr-Lys) units a la doble helix.111.112

Es d’esperar que la distorsi6 de l'estructura estandard de I'ADN degut a la
interacci6 amb una proteina, tingui cert impacte en l'acoblament entre les
diferents bases nitrogenades i se’n vegi alterat el procés de transferencia de

carrega. D’altra banda, la implicaci6 de certs aminoacids en el procés de
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transferencia de carrega pot tenir conseqiiencies biologiques importants, com ara
la proteccié del material genetic contra possibles mutacions.

El triptofan és el candidat ideal per intervenir en processos de transferéncia de
carrega amb I’ADN, ja que posseeix una cadena lateral aromatica d’indole amb un
potencial de ionitzacié (7.90 eV) molt semblant al de la guanina (8.02 eV), i s’ha
demostrat la seva implicacié com a acceptor de “forats” en diferents processos de
HT.113114

S’ha observat en diverses ocasions que les interaccions ADN-proteina poden
afectar drasticament en el procés de HT. A més a més, certs aminoacids, com el
triptofan, se sap que so6n capacos de reduir els cations radicals de la guanina
reparant el dany oxidatiu en ’ADN. No obstant, encara hi ha molt cami a fer per
entendre quins son els mecanismes que segueixen aquests processos de

transferencia de carrega in vivo.
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2. Objectius

L’objectiu principal de la present tesi doctoral és aprofundir en diversos aspectes
relacionats amb l'impacte de I'’entorn en processos EET i CT en sistemes biologics.
Al mateix temps, la tesi té com a objectiu avaluar i millorar les tecniques
computacionals actuals en aquest ambit. En particular, s’ha estudiat l'efecte de
I'entorn en processos HT en I'’ADN i en processos EET en proteines antena

recol-lectores de llum.

2.1. Efectes de I'entorn en processos EET en ficobiliproteines

Les ficobiliproteines sén un tipus de proteines fotosintétiques presents en alguns
tipus d’algues i cianobacteris, on s’encarreguen de recol-lectar la llum i transferir-
ne l'energia resultant al centre de reacci6. S6n proteines multicromoforiques, ja
que contenen diferents pigments d’igual o diferent estructura. La seva naturalesa
multicromoforica i I'impacte que exerceix I’entorn en les propietats dels pigments
que contenen fa que la descripcié precisa dels elements necessaris per a la
modelitzacio del procés d’EET sigui encara un repte en l'actualitat. Per aquest
motiu, en el marc d'aquesta linia d’investigacié s’han utilitzat diferents
metodologies per tal de descriure de manera acurada els elements clau per a la
modelitzaci6 de processos EET en aquests sistemes. Concretament s’han
considerat els seglients aspectes:

* Obtenir i comparar les funcions de densitat espectral global i individual per
a cada pigment dins de la ficobiliproteina PE545.

* Determinar l'origen molecular dels pics principals en les funcions de
densitat espectral obtingudes i racionalitzar-ne les diferencies en funcié de
la naturalesa de cada pigment.

* Comparar la dinamica d’EET en la PE545 obtinguda usant funcions de
densitat espectrals individuals per a cada pigment amb la obtinguda

mitjancant una funcié comuna.
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* Determinar les propietats de protonacié en aigua dels diferents tipus de
pigments (bilines) presents en les cinc ficobiliproteines estudiades en
aquesta tesi (PE545, PC577, PC612, PC630, PC645).

* Obtenir i avaluar els canvis en les propietats de protonacié dels diferents
pigments estudiats en ser transferits des d'un medi aquos fins a l'interior de
cada proteina.

* Determinar les energies d’excitacid relatives i els acoblaments electronics
dels diferents pigments presents en les PBPs PC577, PC612, PC630 i PC645.

* Simular diferents espectres d’estat estacionari, com I'absorcio, fluorescéncia
i dicroisme circular, per a les PBPs PC577, PC612, PC630 i PC645, i validar
I'ordre energetic dels pigments a cada complex per comparacié amb els

espectres experimentals.

2.2. Efectes de I'entorn en processos CT en ’ADN

L’oxidacid de certes bases de I’ADN a través de la formacié d'un estat radical catid
és la precursora de diferents efectes mutagenics que poden tenir conseqiiéncies
nefastes per als organismes vius. Es coneix que aquests estats radical catié poden
migrar a traveés de la doble helix, procés que depén de la seqliéncia de bases. Tot i
que els factors energetics i estructurals que governen aquests fenomens CT a ’ADN
han estat ampliament estudiats, entendre com es veuen afectats aquests processos
degut a la interacci6 amb proteines, o degut a la introducci6 de defectes
estructurals tant comuns com la excisié d’'una base de la seqliéncia, és encara un
camp en desenvolupament. Es per aixd que aquesta segona linia d’investigaci6 es
basa en la simulacié del procés CT en seqiiencies d’ADN alterades estructuralment,
ja sigui degut a la interacci6 amb una proteina o a la excisi6 d'una base.
Concretament, els objectius perseguits han sigut:

e Simular el procés CT en el sistema ADN-proteina Hhal i el seu mutant

Q237W.
¢ Validar la metodologia utilitzada mitjan¢ant la comparacié amb els resultats

experimentals obtinguts en el grup de la Dra. Barton.
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Determinar el rol del triptofan en el sistema mutant Q237W i la seva
participaci6 en el procés CT.

Simular el procés CT en diferents sistemes model poli-G i poli-GC en els que
s’ha escindit una base de la seqtiéncia.

Racionalitzar l'impacte estructural i I'impacte en el procés CT degut a

I'excisi6é d’'una base de la doble helix.
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2. Objectives

The main goal of the present doctoral thesis is to deepen our understanding of
different aspects related to the impact of the environment in EET and CT
processes in biological systems. Simultaneously, the thesis aims to evaluate and
improve the actual computational methods in this field. Particularly, we studied
the effect of the environment in HT processes in DNA and EET processes in

light-harvesting antenna proteins.

2.1. Effects of the environment in EET processes in
phycobiliprteins

Phycobiliproteins are a kind of photosynthetic proteins found in some algae
and cyanobacteria, where they harvest light and transfer the resultant
excitation energy to the reaction enter. They are multichromophoric proteins
since they contain different pigments with equal or different structure. Their
multichromophoric nature together with the impact of the environment on the
properties of the pigments they contain make the precise description of the
elements needed for the simulation of EET an important challenge. In the
present research line we used different methodologies to get an accurate
description of the key elements needed for the simulation of EET in these
systems. We considered the following aspects:

* Obtain and compare the global and individual spectral densities for
each pigment inside the phycobiliprotein PE545.

* Determine the molecular origin of the main peaks in the simulated
spectral densities and rationalize their differences based on the nature
of each pigment.

* Compare EET dynamics in PE545 described using individual spectral
densities for each pigment or a common averaged one.

* Determine the protonation properties in water for the different kind of
pigments (bilins) found in five phycobiliproteins studied along the
present thesis (PE545, PC577, PC612, PC630, PC645).
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Obtain and evaluate the changes in the protonation properties of the
pigments when transferred from water to their protein environment.
Determine the relative excitation energies and the electronic couplings
of the different pigments found in the PBPs PC577, PC612, PC630 and
PC645.

Simulate different steady-state spectra, such as absorption,
fluorescence and circular dichroism, for the PBPs PC577, PC612, PC630
and PC645, and validate the energetic ladder of the pigments inside

each complex by comparisonwith experimental spectra.

2.2. Environmental effects in CT processes in DNA

The oxidation of certain DNA bases due to the formation of a radical cation state is

the precursor of different mutagenic effects with vast consequences for living

organisms. It is well known that these radical cation states can migrate through the

double helix depending on the DNA sequence. Although energetic and structural

factors governing CT processes through DNA strands have been widely studied,

how the interaction with proteins or the introduction of structural defects like the

common excision of a base can affect CT properties is still poorly understood. This

second research line is based on the simulation of CT processes through DNA

structural altered sequences. The main objectives pursued here were:
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Simulate the CT process in the DNA-protein Hhal complex and in the
mutant Q237W.

Validate the methodology used in our simulations by comparison with
experimental results from Dra. Barton’s group.

Determine the role of the tryptophan in the mutant system Q237W and its
participation in the CT process.

Simulate CT processes in different poli-G and poli-GC model systems, where
a base has been excised from the DNA sequence.

Rationalize the structural impact on the CT process due to the excision of a

base from the double helix.
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3. Resultats

Durant el transcurs d’aquesta tesis doctoral, el treball d’investigacié desenvolupat
a donat lloc a diverses publicacions cientifiques. A continuacié se’n detallen les

referencies dividides en dos blocs.

3.1. Efectes de I’entorn en processos EET en ficobiliproteines

Lucas Viani, Marina Corbella, Carles Curutchet, Edward ]J. O’Reilly, Alexandra

Olaya-Castro, and Benedetta Mennucci, Molecular basis of exciton-phonon
interactions in the PE545 light-harvesting complex, Physical Chemistry Chemical
Physics, 2014, 16, 16302-16311.

Marina Corbella, Zi S. D. Toa, Gregory D. Scholes, F. Javier Luque, and Carles

Curutchet, Determination of the protonation preferences of bilin pigments in
cryptophyte antena complexes, Physical Chemistry Chemical Physics, 2018

(submitted, minor revisions).

Marina Corbella, Lorenzo Cupellini, Benedetta Mennucci, Gregory D. Scholes and

Carles Curutchet, Spectral variability in phycocyanin cryptophyte antenna complexes

is controlled by changes in the a polypeptide chains (to be submitted).
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Molecular basis of exciton-phonon interactions in the PE545 light-harvesting
complex

Physical Chemistry Chemical Physics, 2014, 16, 16302-16311

Lucas Viani,! Marina Corbella,? Carles Curutchet,?2 Edward J. O’Reilly,? Alexandra
Olaya-Castro,3 and Benedetta Mennuccit

I Dipartimento di Chimica e Chimica Industriale, Universita di Pisa, Pisa, Italy.
2 Departament de Farmacia i Tecnologia Farmaceutica i Fisicoquimica i Institut de
Quimica Teorica i Computacional (IQTCUB), Facultat de Farmacia i Ciencies de

I’Alimentacio, Universitat de Barcelona, Barcelona, Espanya.

3 Department of Physics and Astronomy, University College London, London, UK.
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3.1.1. Molecular basis of exciton-phonon interactions in the PE545 light-

harvesting complex

Resum

La fotosintesi és un dels processos biologics més importants que tenen lloc a la
Terra. Les anomenades proteines antena son les encarregades de captar la llum i
transferir-ne I'energia resultant als centres de reaccié dels diferents organismes
fotosintetics. Aquestes proteines antena han despertat linteres dins de la
comunitat cientifica degut a la seva gran eficiencia i per la possibilitat d’aplicar-ne
les propietats a sistemes artificials de captura de llum. La recent observacio
d’efectes de coheréencia quantica que poden perdurar fins a varis picosegons, inclus
a temperatura ambient, en algunes proteines antena com la FMO o la PE545, ha
generat un ampli debat, ja que en primera instancia seria d’esperar que les
interaccions amb un entorn aparentment desordenat, com sén els multiples modes
vibracionals de la proteina i les aiglies de solvatacid, dissipessin rapidament
qualsevol estat electronic coherent format. Diversos grups han proposat que
I'acoblament de les energies d’excitacié als diferents modes vibracionals de
I'entorn en rangs que concorden amb les diferencies d’energia entre estats
excitonics podria ser la causa de les coherencies observades. Per tant, I'estudi en
profunditat dels diferents modes vibracionals, igual que la seva interaccié amb les
energies d’excitaciéo dels diferents pigments, també anomenades funcions de
densitat espectral, és crucial per interpretar els efectes de coheréncia observats.
Les funcions de densitat espectral, que quantifiquen la interaccié fond-excitd,
poden ser obtingudes experimentalment, no obstant, en sistemes multicromoforics
nomeés és possible obtenir-la per el cromofor de més baixa energia o els cromofors
que contribueixen a I'estat de més baixa energia, perdent aixi la informacié local de
cada cromofor. L’'objectiu principal d’aquest treball és simular les funcions de
densitat espectral per a cada cromofor en particular dins del complex PE545,
procedent de les algues del filum criptofit, i realitzar un analisi dels graus de
llibertat nuclears, tant dels cromofors com del “bany” (proteina i aigiies de
solvatacio), per tal d’interpretar l'origen d’alguns dels pics més rellevants de les
funcions de densitat espectral obtingudes. Per tal d’obtenir les diverses funcions

de densitat espectral s’han realitzat calculs QM/MMPol de les energies d’excitacié
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de cada cromofor al llarg d’'una simulacié de dinamica molecular a intervals de
temps de 5 femtosegons. Degut al gran nombre de calculs que aixo implica s’ha
utilitzat un nivell de teoria semiempiric ZINDO per als cromofors, mentre que la
proteina i les aiglies de solvatacié s’han descrit mitjangant un camp de forces
polaritzable. Per tal d’identificar I'origen molecular d’algun dels pics caracteristics
que s’observen a les diferents funcions de densitat espectral, s’ha realitzat un
analisi dels modes normal (NMA) dels cromofors, que s’ha contrastat amb un
analisi dels modes quasiharmonics (QHA) explorats al llarg d'una dinamica
molecular. Mentre que mitjancant un NMA s’obtenen els modes vibracionals dels
cromofors aillats al voltant d’'un minim energetic, a través d’'un QHA s’obtenen els
modes al voltant una configuraci6 mitjanada al llarg de la simulacié de MD; per
tant la comparacio d’ambdds analisis posa de manifest les diferéncies entre modes
intrinsecs de cada cromofor i els que estan promoguts per 'entorn. En comparar
les funcions de densitat espectrals obtingudes individualment, amb les funcions de
densitat espectrals global i experimental s’observa la pérdua d’algunes
caracteristiques rellevants en la simulacié del procés de transferéncia d’energia.
D’altra banda, a través dels analisis dels diferents modes vibracionals, s’ha
observat que, mentre que els modes al voltant de 1000-1500 cm™! disminueixen
degut a I'acoblament als modes vibracionals de la proteina, el solvent es capac de
d’incrementar 'acoblament entre els modes vibracionals de la proteina i els estats
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Long-lived quantum coherences observed in several photosynthetic pigment—protein complexes at low
and at room temperatures have generated a heated debate over the impact that the coupling of electronic
excitations to molecular vibrations of the relevant actors (pigments, proteins and solvents) has on the
excitation energy transfer process. In this work, we use a combined MD and QM/MMPol strategy to
investigate the exciton—phonon interactions in the PE545 light-harvesting complex by computing the
spectral densities for each pigment and analyzing their consequences in the exciton dynamics. Insights
into the origin of relevant peaks, as well as their differences among individual pigments, are provided by
correlating them with normal modes obtained from a quasi-harmonic analysis of the motions sampled
by the pigments in the complex. Our results indicate that both the protein and the solvent significantly
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modulate the intramolecular vibrations of the pigments thus playing an important role in promoting or
suppressing certain exciton—phonon interactions. We also find that these low-frequency features are
largely smoothed out when the spectral density is averaged over the complex, something difficult to
avoid in experiments that underscores the need to combine theory and experiment to understand the
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Introduction

Photosynthesis is one of the most important processes for
sustaining life on earth. The understanding of its molecular
mechanisms has always been the center of interest in scientific
studies, especially due to its high photon-to-charge conversion
efficiency or quantum yield under low light conditions, and the
possibility of applying similar concepts to artificial light-
harvesting and photo-conversion devices. Although over the past
few decades such molecular mechanisms have been elucidated
in detail," only recently two-dimensional electronic spectro-
scopy has reported long-lived exciton coherence in a variety of
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origin of quantum coherence in photosynthetic light-harvesting.

pigment-protein photosynthetic complexes.*® These experimental
results have generated a heated debate concerning the origin of
the coherence and its impact on the excitonic energy transfer
efficiency and pathways.”® Coherence effects have been observed
even at room temperature in the phycoerythrin 545 (PE545) light-
harvesting complex,® as well as in the Fenna-Matthews-Olson
(FMO) complex,'® which is an intriguing finding, since at first
sight one would expect a quick dissipation of any coherent
electronic state formed, due to the interactions with the apparent
disordered environment, composed of the motions of the protein
scaffold and solvent molecules. This simplistic view does not
capture the full influence of the environment as it was originally
pointed out by Lee, Cheng, and Fleming, who suggested that
spatially correlated environmental fluctuations might support
the coherent dynamics of electronic excitations.”'"'* Studies
combining classical molecular dynamics (MD) and quantum-
chemical methods, however, indicate that spatial correlations
do not translate into significant correlations among the site
energies of the pigments in the Fenna-Matthews-Olson (FMO)"*"?
and PE545"" complexes. Recent theoretical and experimental
studies indicate that the structured nature of the exciton-phonon
interaction in light-harvesting antennae, and in particular, the
coupling of electronic excitations to molecular vibrations, which
do not relax quickly to thermal equilibrium, is fundamental for
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effective energy distribution within these systems'*™*® and may
play a central role in the picosecond exciton coherence beating
observed in the experiments.**>* The coupling to vibrations in
ranges that commensurate the energy difference between exciton
states may even allow these systems to take on states that are
truly quantum coherent with no classical analogue.>

It is then clear that a full understanding of the origin and
the role of coherence in the photosynthetic light-harvesting
process can only be achieved via a combination of experimental
and theoretical studies. From the theoretical point of view,
the study of non-equilibrium energy transfer dynamics in a
dissipative medium can be done using the density matrix
formalism, which requires a detailed knowledge of the spectral
density quantifying the exciton-phonon interaction.'* Spectral
densities can, in principle, be obtained using experimental
techniques, such as spectral hole-burning or fluorescence line-
narrowing spectroscopy,”*>’ or can be phenomenologically
obtained via fitting spectroscopy results.>® However, in multi-
chromophoric systems often several low-energy chromophores
contribute to the fluorescence of the complex, and in this case an
averaged spectral density can only be estimated,"*'> thus miss-
ing the information related to the pigments’ local environment.
Alternatively, several groups have combined MD simulations
with quantum chemical calculations®***2°* or electrostatic
calculations coupled to normal mode analysis® to theoretically
derive spectral densities.

In this work we use hybrid quantum mechanics (QM)/
polarizable molecular mechanics calculations combined to
classical molecular dynamics (MD) to investigate exciton-phonon
coupling in the PE545 antenna of the marine cryptophyte alga
Rhodomonas sp. strain CS24.%°%°%*> PE545 belongs to the family of
the light-harvesting antenna proteins classified as phycoerythrins
(PE), which are present in cryptophyte microalgae, ubiquitous
members of freshwater and marine environments. These proteins
are capable of absorbing the blue-green wavelengths of light that
are available after broadband sunlight has passed through water.
As in such environments the red wavelengths absorbed by chloro-
phyll are greatly attenuated, these proteins use tetrapyrrole
pigments, called bilins, as the primary antennae.

Recently, PE545 has been studied both experimentally®?%26-38-39:42
and computationally'"'*374%43 due to its capability to photo-
synthesize under low-light conditions, suggesting an efficient
absorption of incident sunlight. This high efficiency is partially
due to the flexible structural nature of the pigments which
allows the modulation of their absorption energy through local
pigment-protein interactions.’® This feature maximizes the
absorption of incident photons while creating an excitation
funnel that drives the excitons formed inside of the complex to
its exterior, facilitating its transfer to another complex or to the
reaction center.'® To understand the role of vibrations of the
pigment-protein complex, eventually coupled to the solvent, we
have computed the spectral density of the individual pigments
and performed an analysis of the nuclear degrees of freedom
of the pigments, the protein scaffold and the solvent to gain
insights into the intra- and intermolecular origins of the features
characterizing the frequency dependent coupling between the
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electronic system and its environment. To get such a picture
we have confronted quasi-harmonic (QH) and normal mode
analysis (NMA). While NMA proves the vibrations around a
single minimum, QH analysis aims at characterizing the global
extent of the configurational space accessible to the system
during an MD simulation. The modes obtained from the QH
analysis can then be directly connected to the fluctuations of the
energies experienced by the pigments along the MD trajectory.

Our results indicate that the protein and solvent signifi-
cantly impact the distribution of motions sampled by the PE545
pigments, thus altering the structure of the individual spectral
density experienced by each bilin, especially at low (<500 cm ™)
and mid-frequency ranges (500-800 cm ‘). Because recent
reports®’ indicate that several excitonic differences in PE545 will
commensurate with the energies in this frequency range,
accounting for such individual features of the spectral densities
of pigments will be important to clarify the origin of quantum
coherence. We also find that these low and mid-frequency
features are largely smoothed out when the spectral density is
averaged over the complex, something difficult to avoid in
experiments that underscores the need to combine theory and
experiment to understand the origin of quantum coherence in
photosynthetic light-harvesting. We finally consider subunits
within the antennae complex to illustrate some implications of
pigment-dependent spectral densities and how averaging over
the spectral densities may hide important features of the spatio-
temporal distribution of energy within the complex. Our results
open the door for future studies where the full implications of
bilin-dependent spectral densities in ultrafast spectroscopy and
full exciton dynamics can be thoroughly analysed.

Methodology
2.1 Spectral densities

The spectral density, J,(w), describes the frequency-dependent
system-bath coupling strength of the pigment i. As it has been
recently clarified, the spectral density can be expressed as*>***

i) = %“’[:O (1) cos(wi)dt (1)

where f = 1/(KgT) and C{'(t) is the classical autocorrelation
function of the fluctuation of the site energies:

1 Y

Cﬂq%:Nj7Z;AEMH40AEUH 2)

C§\(¢) is here obtained using a methodology combining classical
MD simulations and QM calculations of the site energies.
In particular, a polarizable quantum mechanical/molecular
mechanical (QM/MMPol) methodology we recently developed*®
has been used and applied to the configurations extracted from
classical MD simulations. In this work we have used the same
set of data generated in ref. 11, where we performed a 300 ps
(after 10 ns equilibration) MD simulation of PE545 in water at
300 K (see ref. 40 for details), from which snapshots were extracted
every 5 fs, thus totalizing 60000 frames. In the next step,
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QM/MMPol calculations of site energies were performed for
each pigment along the classical trajectory, allowing the calcu-
lation of the autocorrelation function of their fluctuations. Due
to the large number of calculations to be performed (480 000) and
their computational cost, we adopted the ZINDO semiempirical
method with Zerner’s spectroscopic parameterization®” to
describe the excited states of the pigments, whereas the protein
and solvent environments were described using a polarizable
force field we developed from DFT calculations*® (more details
about the computational strategy are reported in ref. 11, 40
and 43). All PEBs and DBVs were modeled having unprotonated
propionate chains as well as fully protonated central pyrrole
rings, leading to a total —1 charge. Crystallographic data and
the conservation of the Asp residue coordinating the central
rings strongly suggest this protonation pattern for PEBs.*® For
DBVs, the crystal data are less conclusive, but they also indicate
a neutral His residue coordinating the DBVs thus suggesting
also this protonation pattern.

The autocorrelation functions were computed from the
discrete time series following eqn (2), using fluctuations of the
site energies, AE{t;),”° computed every 5 fs of the MD trajectory.
In the PE545 complex, the fastest oscillations in the energies
were found to have a period of around 20 fs similar to what has
been found for the FMO complex, this time step thus provides a
good compromise of reducing the amount of calculations with-
out losing track of their oscillations at ambient temperature.'®
Multiple autocorrelation functions of 2 ps length were computed
using the 300 ps window by shifting its initial time by 1 ps. The
final function was then obtained as the average of all functions
computed for the same pigment. To minimize the effects of the
noise on the spectral densities the final autocorrelations were
multiplied by a Gaussian envelope of variance ¢* = 3.6 x 10° s
ensuring their convergence to zero.*> The final autocorrelation
functions are shown in Fig. 2. The high-frequency offset in the
spectral densities was corrected with negligible effects in the low-
frequency part by shifting the Fourier transform before its
multiplication by the prefactor.”® The spectral densities obtained
from eqn (1) were finally fitted using an expression composed
of two terms, one describing coupling to a continuous distribu-
tion of modes and a second one associated with discrete
vibrational modes:

J(w) = Jcontinuous ((U) + Jpeaks(w)

VqWge® 3)

T+ QT (o — ) Hrde?

Jpeaks() corresponds to the spectral densities of a set of
damped quantum harmonic oscillators of frequencies w, with
associated damping v, and reorganization energy Aq = $q0q,
whereas the continuous contribution has associated a reorgani-
zation energy / and a bath cutoff frequency Q.

2.2 Quasi-harmonic and normal mode analysis

The peaks in the spectral densities correspond to motions of the
system coupled to the electronic transitions of the pigments.
In order to identify the molecular origin of these motions,
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we performed a quasi-harmonic (QH) analysis of the motions
of each pigment in PE545 along the classical MD trajectory.*
Such analysis requires diagonalization of the mass-weighted
covariance matrix of atomic positions in Cartesian coordinates,
and is typically used to determine configurational entropies of
biomolecules. The corresponding eigenvectors describe motional
modes (quasi-harmonic modes) around the average system configu-
ration. To characterize the peaks on the spectral density of each
individual pigment, a separate QH analysis was performed on the
coordinates of the atoms of each pigment. Translational and
rotational motions were removed from the analysis by super-
imposing each snapshot to the average pigment structure
sampled along the 300 ps MD trajectory.

In order to assess the accuracy of the classical force field
adopted in our simulation in describing the intrinsic vibrations
of the pigments, we have also performed an NMA analysis of
each pigment both at classical MM and QM levels. Classical
MM-NMA analysis was performed using the same force field
adopted in the MD simulation, whereas the QM-NMA analysis
was performed at the B3LYP/6-31G(d) level of theory. In the latter
case, we scaled the resulting vibrational frequencies by 0.952 in
order to reproduce fundamental frequencies according to the
Minnesota Database of Frequency Scale Factors for Electronic
Model Chemistries.”® In both MM and QM NMA analyses, the
geometry of the pigments was minimized. In such a minimiza-
tion, the cysteine links connecting the pigments with the
protein were substituted by -SCH; groups. Finally, we note that
in the QM-NMA analysis, the propionic acid groups in the bilin
pigments were protonated to prevent folding and keep the
biological conformation.

Results and discussion

The crystal structure of PE545, illustrated in Fig. 1, has been
determined at 1.63 A** and later at 0.97 A resolution.? It is
organized as an o,d,BfB dimer, and contains eight bilins,
characterized by a linear tetrapyrrole structure covalently linked
to the protein scaffold. In particular, three types of bilins can be
singled out: two 15,16-dihydrobiliverdin chromophores, labeled
DBV, and DBVg, singly bound to the o subunits A and B, four
phycoerythrobilin chromophores, labeled PEB;s55c, PEB;sgp,
PEBg,c, and PEBg,p, singly bound to the B subunit C or D,
and two other phycoerythrobilin chromophores, labeled PEBs5/61c
and PEB;g/1p, doubly bound to the same subunits C and D,
respectively. The overall PE545 structure (and the chromophores)
displays a pseudosymmetry about the 2-fold axis relating the o3
and o, monomers.

In a recent study,’® we have shown that, in contrast to
chlorophyll-based photosynthetic complexes, pigment com-
position and conformation play a major role in defining the
energy ladder in the PE545 complex, rather than specific
pigment-protein interactions. This is explained by the remark-
able conformational flexibility of the eight bilin pigments in
PE545, characterized by a quasi-linear arrangement of the four
pyrrole units. Such conformational degrees of freedom are
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Fig.1 (a) Structure of the oyopB dimer and structure of the PE545
complex (o0 chains are in red and blue whereas the polypeptide B chains
are in orange and cyan) and the relative position of the eight light-absorbing
pigments; (b) structural view of the two types of bilins: dihydrobiliverdins
(DBV) and phycoerythrobilins (PEB) (the ring numbering used in the text
is also shown). The 3D molecular representations were created using the
MView software.>

therefore expected to significantly couple with motions in the
protein-solvent environment and give rise to strong peaks in the
spectral density of various pigments. In the following sections
this investigation is reported and further supported by a detailed
molecular explanation of the main features observed in the
spectral densities.

3.1 Spectral densities

The autocorrelation functions computed from the site energies
extracted from the MD trajectories are reported in Fig. 2. The
convergence of the autocorrelations was tested against the number
of frames, and no significant changes were observed for data sets
larger than 25000 frames.

As a general comment, we can see that the fluctuations of
the autocorrelation functions for all the bilins are larger than
those previously found for the bacteriochlorphylls in the FMO
complex"® and the autocorrelation functions, particularly for
the DBV bilins, decay much slower than those of the average
FMO pigments. It is also worth noting that different features
among pigments are evident. In particular, DBVs present much
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Fig. 2 Site energy autocorrelation functions for the eight bilins in the
PE545 complex.
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larger oscillations with respect to all the other pigments. This is
a consequence of the additional double bond present in DBVs,
which translates into a more delocalized n-n* electronic transi-
tion involving not only pyrrole rings 2 and 3 as in PEBs, but also
ring 1 (see Fig. 1). This increased conjugation thus leads to an
excited state more sensitive to structural deformations, as will
be discussed later.

In Fig. 3 we report the resulting spectral densities averaged
over all pigments (top) and over the pseudo-symmetric pairs
(bottom). The spectral density averaged over all pigments is
confronted against that reported in ref. 14, based on the linear
spectra and spectroscopy studies,®*? and we observe a reason-
able agreement between the curves at low frequencies, repre-
senting the continuous component of the spectral density.
Regarding the discrete peaks of the spectra, we also obtained
reasonable peak intensities and amplitudes, although different
frequency positions are predicted. High-frequency modes tend
to be overpopulated in classical simulations, so the high-
frequency part of the spectral density is expected to be less
reliable compared to the low frequency region. The experi-
mental spectral density, however, can also be affected by the
way spectroscopic data were fitted, so the position of the peaks
in this case must be taken with caution. Nevertheless, we
computed the reorganization energies associated with each
spectral density through the relation A = fox@dw and we
find an excellent agreement between our predicted estimate
(557 cm™ ') and the value derived from the experimental spectral
density (539 cm ™).
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Fig. 3 Ambient temperature spectral densities averaged over all pigments
confronted against the experimental one reported in Novoderezhkin®® and
used by Kolli et al.** (top), and spectral densities averaged over pseudo-
symmetric bilins (bottom) in the PE545 complex. The corresponding pigment
number is shown in the top-left corner of the plot. The inset shows a close-up
of the low frequency region.
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As a general feature we see that the spectral densities are
highly structured and the most recently reported electronic
energies®® indicate that several of the excitonic energy differences
will commensurate with the energies at which the sharp peaks
are observed with significant implications for the excitation
dynamics as recently discussed."® In addition to this general
behavior, we also note that there are distinctive differences
among the spectra of each of the bilins throughout the whole
frequency regime. These differences are easily observed among
non-symmetric pairs and indicate different local environments
for the excitation of each bilin. Therefore the assumption of equal
spectral densities for all pigments used in different reports to
compute spectroscopic properties is an important approximation
to the problem,?®°°2 and its impact on the excitonic dynamics is
discussed in detail in Section 3.3. A major difference in the
spectral densities of DBVs and PEBs comes from the effective
coupling to the continuous distribution of harmonic modes in
the low-frequency regime, which is reflected in the different
values of the effective reorganization energies of this continuous
component. The DBVs feature larger reorganization energies
(A is around 82 ecm™') when compared to PEBs. Among the
PEBs, the largest system-bath coupling appears to be for the
PEB; 55 pair followed by the PEBs; and PEBg, pairs featuring
/. values of ~48, ~37, and ~20 cm ' respectively. Such
changes in Z are expected to manifest themselves in differences
in the picosecond exciton dynamics as discussed below.

3.2 Origins of the peaks

To understand the differences in the peaks featured in the
spectral densities of each pigment, it is important to determine
the molecular nature of such vibrations. To this aim, we have
determined the motions sampled by each pigment using both
normal mode (NMA) and quasi-harmonic (QH) analyses based
on the MD simulations. Before performing this analysis, the
quality of the classical force field used to describe the bilin
motions was checked by comparing the distributions of modes
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obtained from the NMA analysis to those obtained at the DFT-
B3LYP level.

Such a comparison is reported in Fig. S3 (ESIT). Overall, the
distributions obtained with QM and classical methods are
in reasonable agreement, although a slight shift at the high-
frequency region (1500-1700 cm™ ') is observed which can be
related to the fact that in the QM analysis, the propionic acid
groups in the bilin pigments were protonated to prevent folding
and keep the biological conformation. In addition, the MM
distribution has a larger number of modes at very low frequen-
cies (<50 cm™ ). Although this analysis only provides a partial
verification of the MM force field, as individual modes can be
located at slightly shifted frequencies as compared to the QM
description, overall, it indicates that the distribution of modes
is reasonable. The validation of the classical description of the
bilin motions against QM results allows us to apply the QH
analysis along the trajectory and use the distribution and nature
of the quasi-harmonic modes obtained to investigate the features
of the spectral density at a molecular level. In Fig. 4, we show the
distribution of QH modes determined for the individual bilins
along with the corresponding spectral densities.

A high density of modes is observed in the 850-1200 cm™
and 1400-1700 cm ™" regions, matching the largest peaks in the
spectral densities. At frequencies larger than 800 cm™?, all
pigments show similar features, pointing to the intramolecular
character of the motions, although the coupling strength of the
peaks differs among pigments. Interestingly, however, pseudo-
symmetric pairs of bilins show very similar coupling strengths,
despite the different sequence of the o polypeptide chains in
the o,0,Bp dimer structure of the PE545 complex, which slightly
breaks the symmetry of the system (see Fig. 1). Because the
vibrations of the pigments are coupled to different environments,
the distribution of QH modes can change thus modulating the
relative intensities of the peaks. Also in the 500-800 cm™" range,
all pigments show somewhat similar peaks. However, in this
case the differences in the peak distribution and intensities are
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Fig. 4 Ambient temperature spectral densities of the eight bilins in the PE545 complex (black lines), and the respective distribution of MM normal modes
(blue bars). The height of the bars was homogeneously scaled for visualization purposes.
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enhanced compared to the higher-frequency region. In the low-
frequency range (<500 cm ') instead all pigments exhibit
significant differences both in position and coupling strength
of the peaks, even among pseudo-symmetric pairs. This suggests
that low-frequency motions of the pigments are strongly modu-
lated by their local environment. This can be clearly appreciated
in the spectral density averaged among all pigments shown in
Fig. 3, as the different peaks apparent in the individual pigments
are smoothed out. Among the different pigments, clearly the
DBVs show the largest couplings to these low-frequency modes.
Inspection of the atomic displacements involved in such modes
indicates that many of them include bendings of the global linear
tetrapyrrole arrangement of the bilins or torsional motions
modifying the degree of planarity among the pyrrole rings; such
displacements presumably modify the degree of m-conjugation
among the rings and therefore are expected to couple signifi-
cantly to the m-n* transition. Because the DBVs have a further
double bond in the pyrrole ring 1 bonded to the Cys residue in
the protein (see Fig. 1), the electronic excitation in this pigment
extends over rings 1, 2 and 3, whereas in PEBs the excitation
mainly involves rings 2 and 3. Such low-frequency motions
modifying the degree of n-conjugation of ring 1 will couple much
more strongly to the DBV excitations, thus explaining the pre-
viously observed high reorganization energy. It is also interesting
to note that the PEBs of the central pair, PEBsg/s1c and PEBsg61p,
show the smallest coupling to low-frequency motions. In contrast
to the other PEBs, these bilins are linked to two Cys residues of
the protein through rings 1 and 4, and such links could reduce
the ability of the whole linear tetrapyrrole arrangement to bend
or to stretch, compared to the other PEBs, thus reducing the
coupling of low-frequency motions to the electronic excitation.
These observations give an explanation for the previously observed
low reorganization energies for these two sets of bilins.

It is important to note that the distribution of QH modes
allows us to unveil the molecular basis of the peaks in the
spectral density by associating them with modulated bilin
intramolecular motions in the protein environment. The actual
impact in the spectral density peaks can, however, either arise
from fluctuating electrostatic pigment-protein interactions
associated with a given motion or from oscillations in the bilin
transition energies induced by changes in their internal geo-
metries. It is remarkable that all spectral density peaks corre-
spond to some distribution of normal modes, even the peaks at
~2000 cm ™. On the other hand, not all QH modes are expected
to contribute to the spectral density, only those showing a strong
exciton-phonon coupling.

The inspection of the atomic displacements involved in the
modes thus allows explaining the molecular origin of the peaks.
We have done such inspection for the modes in the 500-600 cm ™",
950-1050 cm ™" and 1400-1500 cm ™" regions, which include the
most remarkable peaks found in the overall averaged spectral
density shown in Fig. 3. In addition, we have analyzed the
modes in the 650-750 cm™ ' range, in order to shed light on the
~710 cm ™! peak which is better resolved in PEBs compared to
DBVs. For the sake of simplicity, we only focus on the modes
that are expected to couple more strongly to the n-r* transition
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that extends over pyrrole rings 2 and 3 in the PEBs, and 1, 2 and
3 in the DBVs. Such modes involve torsional motions J(ring)
distorting the planarity of the pyrrole rings, out-of-plane and
in-plane bendings of the rings, y(ring) and f(ring), respectively,
and v(C-C) and v(C-N) stretchings leading to ring breathings.
More in detail, in the 500-600 cm™ ' range, the interesting
modes mostly involve d(ring), y(ring) and f(ring) displacements
whereas in the 950-1050 cm™ " region, the vibrations are char-
acterized by a mixing of f(ring), v(C-C) and v(C-N) distortions.
Finally, modes in the 1400-1500 cm™ ' range mostly involve
v(C-C) and v(C-N) stretchings. Because the DBVs have a further
C—C double bond in ring 1, there is a larger number of modes
strongly coupled to the DBVs in this region compared to PEBs,
which explains why the ~1450 cm ™" peak is considerably more
intense in the DBVs compared to the PEBs. In Table S1-S8
(ESIt), we report the individual rings of each bilin involved in the
o(ring), y(ring), B(ring), v(C-C) and v(C-N) displacements for
each mode in these frequency ranges, thus allowing identifi-
cation of those expected to be strongly coupled to the excitation.

In Fig. 5 we show a graphical representation of the displace-
ments involved in modes found at about 550 cm™*, 1050 cm ™"
and 1450 cm™ ", which can be connected with the strongest
peaks in the spectral density averaged over the pigments in
PE545. In the same figure, we also provide a comparison of
two modes observed at around 700 cm ™" for a PEB and a DBV,
respectively.

Close inspection of the two modes at around 700 cm™
indicates that, whereas for PEBs distortions of the central
pyrrole rings 2 and 3 are evident, for DBVs the mode does not
significantly distort rings 1, 2 or 3. This explains why for PEBs
such modes show a stronger coupling compared to DBVs.

As previously discussed, the local protein environment
translates into slightly different features of the spectral densities
found for each pigment, especially at low frequencies. In order to
shed light on the modulation of the vibrational modes induced
by the protein environment, it is interesting to compare the
distribution of vibrational modes obtained either from the
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Fig. 5 Graphical representation of selected quasi-harmonic modes.
(@) Mode at 555 cm™" of PEBysgp, (b) mode at 1053 cm ™ of PEB;sgp, () mode
at 1428 cm ! of PEBysgp, (d) mode at 711 cm™* of PEBysgp, and (e) mode at
697 cm™! of DBVyon.
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Fig. 6 Comparison between quasi-harmonic and normal mode analysis
distributions of vibrational frequencies.
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QH or NMA analysis based on the same potential energy
function. This comparison is shown in Fig. 6.

The results indicate two interesting effects. First, the large
accumulation of modes at around 1000 and 1500 cm™" found
in the NMA distribution is smoothed out when such modes
couple to the protein motions, as shown in the QH distribution.
On the other hand, there is a slight increase in the number of
modes observed in the QH histograms at around 500 cm™*
compared to their NMA counterparts. These two effects are
similar for all pigments, including the PEBsy61c and PEBsg/s1p
bilins linked twice to the protein scaffold, thus suggesting that
this effect is not induced by such covalent links but rather by
the overall coupling between protein and pigment motions.

To investigate the impact of the solvent on the spectral density,
the same quasi-harmonic analysis was repeated for a MD trajectory
of the PE545 complex in vacuo (see ref. 11 for details). A direct
comparison between the distributions of normal modes provides
an insight into modes that are promoted or suppressed by the
presence of the solvent. In Fig. 7 the difference between the
distribution of normal mode frequencies in water and the gas
phase is shown; positive/negative blue/red bars indicate modes that
are promoted/suppressed by the solvent, while the bars around
zero indicate modes that are not affected by the presence of the
solvent. Interestingly, the solvent promotes a large accumulation of
modes at particular high frequencies, where the spectral densities
feature the larger couplings, whereas in a vacuum the modes
spread over a larger range of values, indicating the important role
of the solvent in modulating the exciton-phonon couplings.

The analysis of the plots suggests that the majority of
the peaks in the mid-frequency region (900-1200 cm™") and
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Fig. 7 Variation in molecular normal mode distribution in water against the
in vacuo simulation. Blue/red bars indicate the modes that were promoted/
suppressed by the solvent, and its height represents the intensity of the effect.

high-frequency region (1400-1600 cm ™ ') present in the spectral
densities are strongly promoted by the solvent, i.e. the solvent
contributes to accumulate modes at these frequencies. Thus,
the protein smoothening of the large accumulation of modes at
around 1000 and 1500 cm™ " suggested by the comparison of
NMA and QH mode distributions in Fig. 6 seems to be partially
counterbalanced by the effect of the solvent. These results thus
indicate that the solvent significantly impacts the structure of
the spectral density. It is interesting to note that the PEBg,c and
PEBg,p pigments are significantly less exposed to the solvent
than the other chromophores. Also, the central PEBsgs:p bilin
is more exposed to water compared to PEBsqs;c (see also Fig. 4
in ref. 40). Despite these differences, only PEBg,5, shows a
somewhat smaller impact of the solvent on the distribution of
modes compared to the other pigments. This finding suggests
that the solvent mostly impacts the bilin vibrations indirectly by
modulating the overall protein motions.

3.3 Implications for excitation dynamics

The above analyses indicate that the main differences in the
spectral densities appear between non-symmetric pairs: the
PEBs have reduced reorganization energies in comparison to
the DBVs while the latter have spectral densities that are closer
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to the average fitted via ensemble measurements. In order to
illustrate the implications of these bilin-dependent spectral
densities we consider two subsets of chromophores in PE545
and investigate the exciton population dynamics within each
subset comparing the case when all pigments have identical
spectral densities with the case when the spectral densities are
different as predicted by our QM/MMPol calculations. On the
basis of the site energies reported in Table S4 (ESIt) of ref. 40,
we defined one high-energy subset which includes the PEB5/61c
and PEBsg61p and a low-energy subset which includes PEBg,¢
and PEBg,p; in both subsets DBV, is included as a potential
trapping site. Using the electronic couplings and site energies
reported in ref. 40, we performed non-perturbative calculations
of the exciton dynamics via numerical solution of a set of
hierarchically coupled equation of motions®*** considering
spectral densities featuring a coupling to a continuous distri-
bution and to a single relevant broaden vibrational mode as
presented in eqn (3). The maximum tier considered in our
calculations is 9 and more details of the methodology for
computation of exciton dynamics are presented in Section S3
of the ESI.f The results shown in Fig. 8 and 9 indicate that
averaging spectral densities among non-symmetric pairs results
in qualitatively different features of the spatio-temporal distri-
bution of excitation for the high- and low-energy subsets.

Our mode analysis and the corresponding fittings for the
spectral densities predict that the three bilins in the high-energy
subunit (PEBsge1c, PEBsosip and DBV,) exhibit a significant
coupling to a mode around w, = 1050 cm™ ' with coupling strength
about 4q = 18 cm™ " and broadening vq = 31 ecm™". In this high-
energy subset, this vibrational mode is quasi-resonant with the
energy gap between the intermediate-exciton state (quasi-localised
in PEBso61p) and the lowest exciton (quasilocalised in the DBV,)
and then it dominates transfer to this exit site. As already dis-
cussed, the PEBs feature a reorganization energy of A = 36 cm™"
with cut off frequency Q = 32 em ', which is smaller than the
parameters for the continuous spectral density for DBV, which are
2 =80cm ' and Q = 42 cm ™. Considering that initially only the
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Fig. 8 Population dynamics for the intermediate (blue lines) and lowest
(red lines) exciton states of the high-energy subunit that includes the
PEBso/61c. PEBso/610 and DBV, bilins. Solid lines denote the dynamics with
different spectral densities for the three pigments while dashed lines
denote the situation with identical spectral densities.
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Fig. 9 Population dynamics for the intermediate (green lines) and lowest
(red lines) exciton states of the low-energy subunit that includes the PEBg,c,
PEBgop and DBV, bilins. Solid lines denote the dynamics with different
spectral densities for the three pigments while dashed lines denote the
situation with identical spectral densities.

highest exciton state is excited, we observe that non-equilibrium
vibrational dynamics is manifested in population oscillations of
the intermediate exciton state (quasilocalised in PEBsy1p) that
lasts up to a few hundred of femtoseconds, while the smaller
reorganization energy leads to an overall slower transfer to the
intermediate and lower exciton states as illustrated in Fig. 8 (top).
The inset of Fig. 8 depicts the femtosecond coherent (oscillatory)
population of the intermediate state, which arises from coupling
to the underdamped mode that is comparable with the energy gap
between PEBsy1p and DBV, (see parameters listed in eqn (S3) of
the ESIt). Such coherent energy transfer is washed away when all
the sites are considered to have the same continuous component
of the spectral density as the DBV,.

For the low-energy subset, our analysis indicates that PEBg,¢
and PEBg,p are coupled to a vibrational mode of frequency
around wq = 530 cm™ ' with a strength of /g = 8 em™ ' and a
broadening v, = 33 cm ' while the DBV, is coupled to a mode
of energy wq = 553 cm ' with Zq = 22 ecm ™' and v = 65 cm ™.
A vibrational mode of this energy is quasi-resonant with the
energy gap between the highest and intermediate energy exciton
states (quasi-localised in PEBg,c and PEBg,p, respectively), and
therefore is expected to influence exciton transport in this
subunit. Moreover, the PEBg, bilins exhibit weak coupling to a
continuous component with /=20 cm™" and Q =31 cm ™, while
the DBV, is coupled to continuous spectral density with which
J=80cm 'and Q=42 cm " as before. Starting with an excitation
in the highest exciton state, Fig. 9 depicts the populations of the
intermediate and lowest exciton states of this subunit when
spectral densities are different (solid lines) and identical to the
DBV, (dashed lines). The main effect of the reduced reorganisa-
tion energies for the PEBs is a decrease of the rate of transfer to
both exciton states. Since the coupling to the localised vibrational
mode is weak, its non-equilibrium dynamics only induces some
non-exponential growth of population of the intermediate exciton
state in the 200 fs time scale as clearly seen in the inset. Both the
oscillatory and non-exponential growth of exciton population for
intermediate states shown in Fig. 8(inset) and 9(inset) indicate
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that energy dissipation into the thermal background is transi-
ently prevented as has been recently discussed,?® and therefore
coherent energy transport is at play in this time scale.

From the experimental viewpoint, transient absorption could
witness the influence of bilin-dependent spectral density in the
dynamics. While the spectral density that has been experimentally
fitted gives a good agreement with the fluorescence spectra of
PE545, the agreement is not as good in the case of the transient
absorption.”® It is also important to highlight that the fitted
spectral density in ref. 28 was made in the framework of modified
Redfield that is known to overestimate rates of transfer. These two
points justify once more the need for atomic-level and alternative
determination of spectral densities. A complete study of the
implications of bilin-dependent spectral densities for transient
spectra and full exciton dynamics is out of the scope of this paper
and will be presented in a separate publication.

Conclusions

In this work we have combined a recently developed QM/MMPol
formulation with MD techniques to compute the spectral densities
characterising exciton-phonon interactions in the PE545 light-
harvesting complex. We have shown the existence of drastic
differences in the spectral densities of individual pigments of
PE545 when compared to those averaged over pseudo-symmetric
pairs or over all pigments. We predicted some implications of
such differences in the population dynamics for the intermediate
and lowest exciton states of the pigments, concluding that using
averaged spectral densities one cannot predict accurately the
effects of non-equilibrium vibrational dynamics on the excitation
energy transfer. We expect that such differences could be seen in
transient absorption experiments and will in general lead to a
richer dynamics of the coherences among exciton states though a
complete study in this direction is out of the scope of this paper.

We have analysed the rich structure of the individual spectral
densities as a function of energy and identified the prominent
peaks that indicate preferential coupling to specific vibrational
modes. The origin of such peaks was investigated and correlated
with intramolecular normal modes using the quasi-harmonic and
normal mode analyses. Equally, the impact of the solvent was
analysed, leading to unexpected findings suggesting that it
modulates the coupling of the lowest excited state to the environ-
ment by promoting or suppressing certain normal modes using
the protein scaffold as a pathway.

The identification of the structural origins of the exciton-
phonon interactions driving exciton transfer in photosynthetic
systems as given in this study provides important guidelines
for the design of new experiments that probe and exploit the
largely unexplored correlated exciton-vibrational dynamics in
light-harvesting complexes.

Acknowledgements

Support from the European Research Council (ERC) through the
Starting Grant proposal no. 277755 (EnLight) is acknowledged by

16310 | Phys. Chem. Chem. Phys., 2014, 16, 16302-16311

View Article Online

Paper

B.M. and L.V. C.C. and M.C. acknowledge support from the
Ministerio de Economia y Competitividad of Spain (grants
CTQ2012-36195, RYC2011-08918 and BES-2013-064088) and
computational resources provided by the Centre de Super-
computaciéo de Catalunya. A.O-C. and E.J.O. thank the Engi-
neering and Physical Sciences Research Council of the UK
(EPSRC) Grant EP/G005222/1 and the EU FP7 Project PAPETS
for financial support (Grant Agreement no. 323901).

References

1 R.]J. Cogdell, A. Gall and J. Kohler, Q. Rev. Biophys., 2006, 39,
227-324.

2 Y.-C. Cheng and G. R. Fleming, Annu. Rev. Phys. Chem.,
2009, 60, 241-262

3 V. Sundstrom, Annu. Rev. Phys. Chem., 2008, 59, 53-77.

4 H. Lee, Y.-C. Cheng and G. R. Fleming, Science, 2007, 316,
1462-1465.

5 G. S. Engel, T. R. Calhoun, E. L. Read, T.-K. Ahn, T. Mancal,
Y.-C. Cheng, R. E. Blankenship and G. R. Fleming, Nature,
2007, 446, 782-786.

6 E. Collini, C. Y. Wong, K. E. Wilk, P. M. G. Curmi, P. Brumer
and G. D. Scholes, Nature, 2010, 463, 644-647.

7 1. Kassal, J. Yuen-Zhou and S. Rahimi-Keshari, J. Phys. Chem.
Lett., 2013, 4, 362-367.

8 J. Huh, S. K. Saikin, J. C. Brookes, S. Valleau, T. Fujita and
A. Aspuru-Guzik, J. Am. Chem. Soc., 2014, 136, 2048-2057.

9 T. Fujita, J. C. Brookes, S. K. Saikin and A. Aspuru-Guzik,
J. Phys. Chem. Lett., 2012, 3, 2357-2361.

10 G. Panitchayangkoon, D. Hayes, K. A. Fransted, J. R. Caram,
E. Harel, J. Wen, R. E. Blankenship and G. S. Engel, Proc.
Natl. Acad. Sci. U. S. A., 2010, 107, 12766-12770.

11 L. Viani, C. Curutchet and B. Mennucci, J. Phys. Chem. Lett.,
2013, 4, 372-377.

12 C. Olbrich, J. Striimpfer, K. Schulten and U. Kleinekathofer,
J. Phys. Chem. B, 2011, 115, 758-764.

13 C. Olbrich, J. Striimpfer, K. Schulten and U. Kleinekathofer,
J. Phys. Chem. Lett., 2011, 1771-1776.

14 A. Kolli, E. J. O'Reilly, G. D. Scholes and A. Olaya-Castro,
J. Chem. Phys., 2012, 137, 174109.

15 A. Kolli, A. Nazir and A. Olaya-Castro, /. Chem. Phys., 2011,
135, 154112.

16 C. Kreisbeck and T. Kramer, J. Phys. Chem. Lett., 2012, 3,
2828-2833.

17 N. Christensson, H. F. Kauffmann, T. Pullerits and
T. Mancal, J. Phys. Chem. B, 2012, 116, 74497454,

18 V. Tiwari, W. K. Peters and D. M. Jonas, Proc. Natl. Acad. Sci.
U. S. A., 2013, 110, 1203-1208.

19 A. W. Chin, ]J. Prior, R. Rosenbach, F. Caycedo-Soler,
S. F. Huelga and M. B. Plenio, Nat. Phys., 2013, 9,
113-118.

20 J. M. Womick and A. M. Moran, J. Phys. Chem. B, 2011, 115,
1347-1356.

21 G. H. Richards, K. E. Wilk, P. M. G. Curmi, H. M. Quiney
and J. A. Davis, J. Phys. Chem. Lett., 2012, 3, 272-277.

This journal is © the Owner Societies 2014


http://dx.doi.org/10.1039/c4cp01477d

Published on 19 June 2014. Downloaded by Princeton University on 15/09/2015 14:41:35.

Paper

22 D. B. Turner, R. Dinshaw, K.-K. Lee, M. S. Belsley, K. E. Wilk,
P. M. G. Curmi and G. D. Scholes, Phys. Chem. Chem. Phys.,
2012, 14, 4857-4874.

23 E.]. O'Reilly and A. Olaya-Castro, Nat. Commun., 2014, 5, 3012.

24 J. Pieper, J. Voigt and G. J. Small, J. Phys. Chem. B, 1999, 103,
2319-2322.

25 E. J. Peterman, H. van Amerongen, R. van Grondelle and
J. P. Dekker, Proc. Natl. Acad. Sci. U. S. A., 1998, 95, 6128-6133.

26 E.]J. G. Peterman, T. Pullerits, R. van Grondelle and H. van
Amerongen, J. Phys. Chem. B, 1997, 101, 4448-4457.

27 R. Jankowiak, M. Reppert, V. Zazubovich, ]J. Pieper and
T. Reinot, Chem. Rev., 2011, 111, 4546-4598.

28 V.I. Novoderezhkin, A. B. Doust, C. Curutchet, G. D. Scholes
and R. van Grondelle, Biophys. J., 2010, 99, 344-352.

29 A. Damjanovi¢, 1. Kosztin, U. Kleinekathofer and K. Schulten,
Phys. Rev. E: Stat., Nonlinear, Soft Matter Phys., 2002, 65, 031919.

30 L.Janosi, I. Kosztin and A. Damjanovi¢, J. Chem. Phys., 2006,
125, 014903.

31 R. C. Walker, I. P. Mercer, I. R. Gould and D. R. Klug,
J. Comput. Chem., 2007, 28, 478-490.

32 C. Olbrich and U. Kleinekathofer, J. Phys. Chem. B, 2010,
114, 12427-12437.

33 S. Shim, P. Rebentrost, S. Valleau and A. Aspuru-Guzik,
Biophys. J., 2012, 102, 649-660.

34 E. Rivera, D. Montemayor, M. Masia and D. F. Coker, J. Phys.
Chem. B, 2013, 117, 5510-5521.

35 T. Renger, A. Klinger, F. Steinecker, M. Schmidt am Busch,
J. Numata and F. Miih, J. Phys. Chem. B, 2012, 116, 14565-14580.

36 A. B. Doust, I. H. M. van Stokkum, D. S. Larsen, K. E. Wilk,
P. M. G. Curmi, R. van Grondelle and G. D. Scholes, J. Phys.
Chem. B, 2005, 109, 14219-14226.

37 H. Hossein-Nejad, C. Curutchet, A. Kubica and
G. D. Scholes, J. Phys. Chem. B, 2011, 115, 5243-5253.

38 C. Y. Wong, R. M. Alvey, D. B. Turner, K. E. Wilk, D. A.
Bryant, P. M. G. Curmi, R. ]J. Silbey and G. D. Scholes,
Nat. Chem., 2012, 4, 396-404.

This journal is © the Owner Societies 2014

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53
54

View Article Online

PCCP

A. B. Doust, C. N. J. Marai, S. J. Harrop, K. E. Wilk,
P. M. G. Curmi and G. D. Scholes, J. Mol. Biol., 2004, 344,
135-153.

C. Curutchet, V. I. Novoderezhkin, J. Kongsted, A. Mufioz-
Losa, R. van Grondelle, G. D. Scholes and B. Mennucci,
J. Phys. Chem. B, 2013, 117, 4263-4273.

K. E. Wilk, S. J. Harrop, L. Jankova, D. Edler, G. Keenan,
F. Sharples, R. G. Hiller and P. M. G. Curmi, Proc. Natl. Acad.
Sci. U. S. A., 1999, 96, 8901-8906.

A. B. Doust, K. E. Wilk, P. M. G. Curmi and G. D. Scholes,
J. Photochem. Photobiol., A, 2006, 184, 1-17.

C. Curutchet, J. Kongsted, A. Mufioz-Losa, H. Hossein-
Nejad, G. D. Scholes and B. Mennucci, J. Am. Chem. Soc.,
2011, 133, 3078-3084.

V. May and O. Kiithn, Charge and Energy Transfer Dynamics in
Molecular Systems, Wiley-VCH Verlag GmbH, Weinheim,
Germany, 2003.

S. Valleau, A. Eisfeld and A. Aspuru-Guzik, J. Chem. Phys.,
2012, 137, 224103.

C. Curutchet, A. Mufioz-Losa, S. Monti, ]J. Kongsted,
G. D. Scholes and B. Mennucci, J. Chem. Theory Comput.,
2009, 5, 1838-1848.

M. C. Zerner, in Rev. Comput. Chem., ed. K. B. Lipkowitz and
D. B. Boyd, Wiley VCH, New York, II., 1994, p. 313.

M. Aghtar, J. Striimpfer, C. Olbrich, K. Schulten and
U. Kleinekathofer, J. Phys. Chem. B, 2013, 117, 7157-7163.
R. Baron, W. F. van Gunsteren and P. H. Hiinenberger,
Trends Phys. Chem., 2006, 11, 87.

Minnesota Database of Frequency Scale Factors for Electronic
Model Chemistries, 2013.

L. Viani, MView: A tool for visualization and analysis of
molecular properties, www.mview-tools.com.

V. L. Novoderezhkin and R. van Grondelle, Phys. Chem.
Chem. Phys., 2010, 12, 7352-7365.

Y. Tanimura and R. Kubo, J. Phys. Soc. Jpn., 1989, 58, 101-114.
A. Ishizaki and G. R. Fleming, J. Chem. Phys., 2009, 130, 234111.

Phys. Chem. Chem. Phys., 2014, 16, 16302-16311 | 16311


http://dx.doi.org/10.1039/c4cp01477d

CAPITOL III

Determination of the protonation preferences of bilin pigments in
cryptophyte antena complexes

Physical Chemistry Chemical Physics, 2018 (Submitted)

Marina Corbella,! Zi S. D. Toa,? Gregory D. Scholes,? F. Javier Luque,3 and Carles
Curutchet!

L Departament de Farmacia i Tecnologia Farmaceutica i Fisicoquimica i Institut de
Quimica Teorica i Computacional (IQTCUB), Facultat de Farmacia i Ciencies de
I’Alimentacio, Universitat de Barcelona, Barcelona, Espanya.

2 Department of Chemistry, Princeton University, Princeton, New Jersey, United
Satates.

3 Departament de Nutricié, Ciencies de I’Alimentacd i Gastronomia, Institut de
Biomedicina (IBUB) i Institut de Quimica Teorica i Computacional (IQTCUB),
Facultat de Farmacia i Ciencies de I'’Alimentacio, Universitat de Barcelona, Santa
Coloma de Gramenet, Espanya.

91



92

RESULTATS




CAPITOL III

3.1.2. Determination of the protonation preferences of bilin pigments in

cryptophyte antena complexes.

Resum

Les proteines antena sdn les entitats encarregades de de recol-lectar la llum i
transferir-ne l'energia d’excitacid resultant als centres de reaccié dels diferents
aparells fotosintetics. En les algues procedents del filum dominat per criptofits,
s’ha observat que aquestes proteines antena presenten una gran diversitat de
colors al mateix temps que poden portar a terme aquesta transferéncia d’energia
amb un rendiment maxim inclis en condicions de baixa lluminositat. Aquestes
propietats han despertat l'interés en entendre’n els mecanismes de funcionament
per tal de poder aplicar-los a sistemes artificials de captura de llum. Les proteines
antena presents en aquestes algues son les anomenades ficobiliproteines, ja que
estan formades per un unic tipus de pigment, les ficobilines. Les ficobilines
presenten una estructura lineal tetrapirrolica i estan unides covalentment a
'estructura proteica a través de residus especifics de cisteina. El que confereix a
aquest tipus d’antena la diversitat de colors és precisament la presencia de
diferents tipus de ficobilines, amb petites diferéncies estructurals, dins d'una
mateixa proteina. Tot i la gran varietat de treballs que s’han desenvolupat entorn a
aquestes proteines antena, l'estat de protonacié6 de les diferents ficobilines
presents no ha estat mai estudiat en deteniment. La presencia d'un residu d’acid
aspartic o glutamic interaccionant directament amb els dos anells de pirrole
centrals d’aquests pigments, ha portat a considerar-los més habitualment en la
seva forma completament protonada, no obstant, en certes ocasions alguns
pigments no presenten aquesta caracteristica. Aquest tret diferencial, juntament
amb els canvis de pH que pot experimentar el lumen (medi on es troben aquestes
ficobiliproteines) en funci6 del temps d’exposicio a la llum solar, ha portat a iniciar
aquest estudi per tal d’elucidar el pK, de cada una d’aquestes ficobilines dins de la
seva estructura proteica, ja que el canvi de l'estat de protonacio d’alguns
d’aquestes pigments podria tenir un impacte important en les corresponents
energies d’excitacio i en el procés de transferencia d’energia. Mitjancant cicles
termodinamics i combinant calculs quantics en fase gas i en solucié s’han obtingut

els pK,s intrinsecs (en aigua) per a cada tipus de ficobilina (PEB, DBV, PCB, MBV)
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present en cinc ficobiliproteines diferents (PE545, PC577, PC612, PC630, PC645).
Posteriorment s’han emprat simulacions de dinamica molecular juntament amb
estimacions empiriques dels diferents pK.s per tal de descriure lI'impacte de
I'entorn especific de cada pigment a l'interior de cada sistema proteic. Els resultats
d’aquest estudi teoric s’han racionalitzat mitjancant la obtencié dels diferents
espectres d’absorci6 de les ficobiliproteines a diferents valors de pH, entre 4.6 i 9.0,
per tal d’observar I'impacte dels canvis del pH extern en les propietats espectrals
d’aquestes proteines i correlacionar-los amb els canvis en l'estat de protonacié
dels pigments que les confereixen. Els nostres resultats reafirmen la hipotesis de
que tots els pigments es troben en la seva forma protonada en el rang de pH
fisiologic (5-7), en les cinc proteines estudiades. No obstant, mentre que pels
pigments que presenten el residu d’acid aspartic o glutamic interaccionant amb els
dos anells centrals es suggereix un pK, al voltant de 8, els pigments als quals els hi
manca aquest residu, presenten un pK, inferior, sobre 7; de manera que, tot i
trobar-se majoritariament en la seva forma protonada, certa part de la poblacio

estara present també, en aquests casos, en la seva forma desprotonada.
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Determination of the protonation preferences of bilin pigments in
cryptophyte antenna complexes

Marina Corbella,’ Zi S. D. Toa, b Gregory D. Scholes,b F. Javier Luque, € and Carles Curutchet *°

The light-harvesting mechanisms of cryptophyte antenna complexes have attracted considerable attention due to their
ability to exhibit maximal photosynthetic activity at very low-light conditions and to display several colors, as well as the
observation of vibronic coherent features in their two-dimensional electronic spectra. However, detailed investigations on
the interplay between the protein environment and their light-harvesting properties are hampered by the uncertainty
related to the protonation state of the underlying bilin pigments. Here we study the protonation preferences of four types
of bilin pigments including 15,16-dihydrobiliverdin (DBV), phycoerythrobilin (PEB), phycocyanobilin (PCB) and
mesobiliverdin (MBV), which are found in phycoerythrin PE545 and phycocyanin PC577, PC612, PC630 and PC645
complexes. We apply quantum chemical calculations coupled to continuum solvation calculations to predict the intrinsic
acidity of bilins in aqueous solution, and then combine molecular dynamics simulations with empirical pK, estimates to
investigate the impact of the local protein environment in the acidity of the pigments. We also report measurements of
the absorption spectra of the five complexes measured in a wide range of pH in order to validate our simulations and
investigate possible changes in the light harvesting properties of the complexes in the range of physiological pH found in
the lumen (pH ~5-7). The results suggest a pK, >7 for DBV and MBV pigments in the a polypeptide chains of PE545 and
PC630/PC645 complexes, which are not coordinated to a negatively charged amino acid. For the other PEB, DBV and PCB
pigments, which interact with a Glu or Asp side chain, higher pK, values (pK, >8) are estimated. Overall, the results
support a preferential population of the fully protonated state for bilins in cryptophyte complexes at physiological
conditions regardless of the specific type of pigment and local protein environment.

compared to other classes of algae, cryptophytes display
several colors and exhibit maximal photosynthetic activity at

1 Introduction

In photosynthesis specialized light-harvesting pigment-protein
complexes (PPCs) are used to capture incident sunlight and
funnel its energy to the reaction center.™” Cryptophytes are
eukaryotic algae that and freshwater
environments and represent important primary producers,
able to capture sunlight through tunable linear tetrapyrrole
chromophores known as bilins (see Fig. 1). Despite the
apparent simplicity of their light-harvesting antennae

live in marine
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very low-light conditions.”” Depending on their absorption
maximum they are divided in two classes, phycoerythrins (PE,
red colored) and phycocyanins (PC, blue colored), and so far
four types of PEs (PE545, PE555, two types of PE566) and five
types of PCs (PC569, PC577, PC612, PC630 and PC645) have
been reported.5 The variability in spectral properties of these
phycobiliproteins mainly arises from differences in the
underlying bilin composition and content. Indeed, several
types of bilins are present in cryptophytes, which differ in the
number of double bonds and the degree of conjugation of the
mt-electron system (Fig. 1): 15,16-dihydrobiliverdin (DBV),
phycoerythrobilin (PEB), phycocyanobilin (PCB), mesobiliverdin
(MBV), bilin 584 and bilin 618.° Furthermore, the protein
sequence also impacts the spectral properties of these
complexes, as illustrated by differences in PC577 and PC612
spectra, which contain the same set of bilin pigments, six PCBs
and two DBVs.

The remarkable photosynthetic activity of these algae has
motivated a variety of studies aimed at unraveling their light

J. Name., 2013, 00, 1-3 | 1



harvesting mechanisms,”® in the quest for principles to be
used in the development of artificial devices.’ Among them,
the observation of coherence phenomena at room
temperature for the PE545 and PC645 complexes8 and other
photosynthetic systems has fueled an ongoing debate on the
molecular origin of the observed oscillations and their role in
the photosynthetic function.” An emerging consensus indicates
that vibronic coherences can be supported by resonant
vibrations, although their electronic or vibrational nature is still
under debate.’®™ Recent simulations on the PC645 complex,
for example, suggest that energy transport occurs in an
incoherent vibronic regime, a finding explained by the rather
large reorganization energies of the pigments compared to the
electronic couplings among them.® Cryptophyte antenna
complexes are also interesting because of the observation of
persistent vibronic coherences in "closed" forms of these
antenna proteins (PC630, PC645) compared to "open" ones
(PC577, PC612), where the insertion of a single residue induces
a rotation of ~73 degrees of the protein subunits leading to an
almost two-fold symmetry in the quaternary structure.™

1406015000 16000 17000 18000 19000 20000 21000
‘Wavenumber (cm'1)

Figure 1. Bilin pigments present in the cryptopyte antenna complexes studied in
this work. a) Bilin structures, b) absorption spectra, and c) protein structures of
the PE545, PC577, PC612, PC630 and PC645 complexes. R stands for the propionic
group.

Theoretical studies of energy transfer dynamics in antenna
complexes and the role of coherence, however, still face
considerable challenges related to the accurate determination
of the ingredients needed to construct the exciton Hamiltonian
of the system: the site energies, the electronic couplings and
the spectral densities of the corresponding pigments.6 An
additional complication in the study of phycobiliproteins is the
need to understand the protonation preferences of bilin
pigments in the complex, as they can considerably impact their

2 | J. Name., 2012, 00, 1-3

electronic transition properties, and also their degree of
. . 15

coupling to the environment. Moreover,

protonation/deprotonation of the pigments is also important

because, unlike other photosynthetic organisms

antenna complexes are bound to the thylakoid membrane,

cryptophyte biliproteins are suspended in the lumen,™ where

where

the pH varies on the range ~5-7, depending on the
prolongation of the incident sunlight.17 The uncertainty
regarding this issue leaves open questions: can the

protonation state of the pigments change upon variations of
available sunlight?, and can changes in the bilin protonation
patterns alter the light-harvesting pathways and dynamics in
the system?

Cryptophyte antennae are organized either as o ;fa,pB
heterodimers or (aB), homodimers. The crystal structures
solved for several of these complexes (PE545, PE555, PC577,
PC612, PC630 and PC645) indicate that all bilins in the highly-
conserved B polypeptide chains present an Asp residue
interacting with the central pyrrole rings B and C, thus
suggesting a fully protonated form of the pyrrole rings.”’w’19
This would be consistent with research that supports a
protonated form for the PCB in the C-Phycocyanin complex of
cyanobacteria, where an Asp counterion also coordinates the B
and C central pyrrole rings.zo_22 Spectroscopic studies
performed on the similar phytochromobilin pigment in plant
phytochromes also support a fully protonated tetrapyrrole.23
Compared to the B chains, however, the structures of the a
subunits in cryptophyte antennae are much more divergent. In
this case, the bilins in the a subunits of PE555, PC577 and
PC612 interact with a Glu side chain, but the DBVs in PE545
and the MBVs in PC645 and PC630 lack the presence of a
negatively charged amino acid. In PE545, indeed, difference
electron density maps obtained from ultrahigh resolution data
at 0.97 A seem to suggest a protonated form for the PEBs in
the complex, which interact with an Asp residue, but can not
distinguish among protonated or neutral forms for the DBVs."
The uncertainty regarding the protonation preferences of the
bilins in cryptophyte antennae is reflected in a variety of
theoretical studies performed on these systems, where the
pigments are either assumed to be all protonated or
unprotonated at physiological conditions. 11924733 Recently,
the Coker group has studied the protonation state of the MBVs
in PC645 by comparing experimental and theoretical spectra
derived from quantum chemical calculations.” Their results
indicate that the PC645 complex with unprotonated MBVs
displays better intensities in the two main
absorption peaks compared to the protonated case. However,
the low-energy edge of the predicted spectra is slightly too
broad, so that the assignment of the protonation preferences
still remains open.

In this contribution, we study the protonation preferences of
the PEB, DBV, PCB and MBV pigments found in five
cryptophyte phycobiliproteins (PE545, PC577, PC612, PC630
and PC645), shown in Fig. 1, by combining structure-based
predictions of the pK,'s of the pigments based on
thermodynamic cycles with pH-dependent measures of their
absorption spectra. Our results strongly suggest that all bilins

maximum
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in these proteins are present in their protonated form at
biologically relevant pH in the lumen (pH~5-7). We find that
the MBVs in PC630 and PC645 as well as the DBVs in PE545,
located at the a polypeptide chains of the complexes and
lacking the presence of a Glu counterion, are the most acid
bilins in the complexes, but still have pK, values > 7.
Nevertheless, the changes observed in the absorption spectra
suggest that a small fraction of deprotonated species of these
pigments could be populated at pH's ~7.

2 Methods

2.1 Thermodynamic cycles

Acid dissociation constants, known as pK, values, are related
to the reaction where an acid dissociates into its conjugate
base and a proton in solution. The pK, can thus be obtained

from the Gibbs free energy change of this reaction, AG,,:
AGaq

pKq = RTIn(10) (1)

In order to estimate accurate values of AGaq, we adopt the
common thermodynamic cycle illustrated in Scheme 1, which
combines quantum-mechanical (QM) calculations of the
reaction free energy in vacuum, AGgaS, with solvation free
water estimated

solvation models, as

energies in using quantum-chemical

continuum described in the next

. 3435
section.

AG as
ChIOInNH+(g)_g> ChrOmN(g) + H+(g)
AGsol,NI‘PLl AGsal,NlAGsol,ml
AG,,

ChromNH" ,;—> ChromN,,, + H"

Scheme 1. Thermodynamic cycle used to calculate the aqueous deprotonation
free energies of bilin pigments. ChromNH" and ChromN stand for the protonated

ans deprotonated states of the chromophore.

Thus, we calculate AG,, values using the following expression:
AGgq = AGgastAAGy, (2)

where
AGgys = Ggas(ChromN) + Gyos(HT) — Gyos(ChromNH™) (3)
and
AAGy; = AGgo (ChromN) + AGgy (HY) — AGgy (ChromNH1)(4)

We adopted the well-accepted value of Ggs(H*) equal to -
6.28 kcal/mol defined for a standard state of 1 atm, as well as
the value of AG,,(H") equal to -265.9 kcal/mol, defined for
the transfer from the gas-phase to aqueous solution at 1M
standard state.** Ggas computed for
protonated/unprotonated forms of the bilins using QM
methods also correspond to a standard state of 1 atm,
whereas the corresponding AG, terms calculated using
continuum solvation models are defined for a gas-phase 1M

values
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standard state. Thus, AGg,s values where converted to a 1M
standard state by adding the usual 1.89 kcal/mol term.®*
Because the propionic acid groups can adopt multiple
conformations with respect to the pyrrole rings, and therefore
impact in different ways their deprotonation properties, the
aqueous pK, values corresponding to the deprotonation
reaction on rings A, B, C or D of each type of bilin was
computed for model pigments where the propionic groups
where substituted by methyl units, as shown in Fig. 2. Later,
the impact of the negatively charged propionic groups on the
pK, was introduced when computing the pK, shift associated
to the transfer of the bilin from water solution to the protein.
Note that a similar strategy was recently adopted in order to
compute the pK, of biliverdin in the IFP2.0 fluorescent
protein.36
The prediction of the pK, of titratable groups or ligands inside
a protein environment is a challenging task, and a variety of
approaches have been proposed.37_39 The usual strategy relies
on estimating the free energies associated to the transfer of
the titratable group from aqueous solution to the protein, as
illustrated in Scheme 2. Then, these free energy contributions
are combined to estimate the ApK, shift compared to an
aqueous reference value:

pK,(prot) = pK,(wat) + ApK,(wat — prot) (5)

where pK,(wat) is the reference value adopted for the group
and the ApK, term mainly involves electrostatic contributions
due to interactions established with the protein environment
as well as the desolvation cost.

AG,,
ChromNH*(aq)_l> ChromN,,, +H'
AGtmnsf l l AG{J‘(msf

AGpror
ChromNH" (55— ChromN .y + H' o

Scheme 2. Thermodynamic cycle used to calculate the deprotonation free

energies of bilin pigments in the protein environment.

Different strategies have been developed to compute the
ApK,(wat — prot) term, mainly based on i) continuum
solvation models, like Generalized Born (GB) or Poisson-
Boltzmann (PB) electrostatic calculations, i)
dynamics (MD)-based techniques coupled to free energy
simulations, and iii) empirical models in which the shift is given
as a sum of effective perturbation contributions, for example
hydrogen bonds, charge-charge interactions or desolvation
effects, whose weights are optimized by comparison to large
sets of experimental data, like the popular PROPKA
4041 Here we adopt the fast PROPKA method to
compute the ApK, shifts, which has been shown to provide
pK, values with similar accuracy compared to more costly
dynamics/generalized Born/thermodynamic
integration (MD/GB/TI) techniques, with root-mean-squared
deviations of ~1.4 pK, units.*® In PROPKA, the ApK, shift is

molecular

method.

molecular
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expressed as the sum of a Coulomb contribution due to
charge-charge interactions with all other charged or ionizable
groups, and a self-energy contribution, representing the
remaining contributions obtained when all other charged or
ionizable groups are kept in their neutral form. The latter
involves desolvation and intrinsic electrostatic energy
contributions, like hydrogen-bonding interactions and other
unfavorable electrostatic interactions. The resulting coupled
titrations are then solved iteratively using a Monte Carlo
scheme. Moreover, average pK, estimates over
conformational ensembles sampled from MD simulations of

the complexes in order to account for thermal fluctuations.

we

2.2 Computational details

Structures of the cryptophyte complexes. Calculations were
performed based on the X-ray crystal structures reported by
Curmi and co-workers for phycoerythrin PE545 from
Rhodomonas sp. CS24 (PDB code 1XGO, resolution 0.97 A),ls’lg
phycocyanin PC645 from Chroomonas sp. CCMP270 (PDB code
4LMS, resolution 1.35 A),M phycocyanin  PC612 from
Hemiselmis virescens CCAC 1635 B (PDB code 4LM6, resolution
1.70 A),M as well as phycocyanin PC577 from Hemiselmis
pacifica CCMP706 (resolution 1.00 A) and PC630 from
Chroomonas CCAC 1627 B (resolution 1.60 A), which have not
been deposited yet. PE545, PC630 and PC645 are organized as
a,Ba,B heterodimers, whereas PC577 and PC612 are (af),
homodimers and display an almost perfect two-fold symmetry.
In PE545, each a chain binds one DBV covalently linked to one
Cys residue (DBVy9a and DBVigg), whereas each B chain binds
two PEBs linked to a single Cys (PEB1sgc, PEB1sgp, PEBgyc and
PEBg;p) and one PEB linked to two Cys residues (PEBso/s1c and
PEBso/e1p)- In PC577 and PC612, on the other hand, each a
chain binds one singly linked PCB (PCB,gs and PCB,oc) and each
B chain binds two singly linked PCBs (PCB1sgg, PCB1sgp, PCBgys

.o

Figure 2. Structures of the bilin pigments found in PE545, PC577, PC612, PC630

and PC645 aligned to the quantum-chemical optimized geometries used for the
prediction of the aqueous pK,. The optimized geometries are displayed in slightly

darker colours.
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and PCBg;p) and a doubly linked DBV (DBVsg/615 and DBVsg/610)-
Finally, in PC630 and PC645 the B chains bind the same
pigments as in PC577 and PC612, whereas the a chains binds
one singly linked MBV (MBV194 and MBV4¢) instead of a PCB.
In PE545, the missing residues in the crystal were added as
reported previously,26 whereas in the PC577 and PC612 (af),
homodimers missing residues were added by homology with
the other symmetric polypeptide chain. In PC630 and PC645,
we simply capped polypeptide chains using an acetyl group
due to missing residues in the N-terminal end of the chains.

Quantum chemical calculations. Starting from the geometries
of bilins as found in the crystal structures, we defined
simplified models in order to compute their acidity/basicity in
gas phase and in water solution. Such models included the full
tetrapyrrolic structure, in which the propionic side chains of
rings B and C were replaced by methyl groups to avoid the
folding of the chromophore and thus maintain its biological
conformation, whereas the thioether linkage was replaced by
a hydrogen atom. In order to perform the aqueous pK,
calculations, we selected a single geometry for each type of
pigment PEB, PEB’, DBV, DBV’, PCB and MBV, where the prime
indicates bilins doubly-linked to the protein through Cys
residues. The optimized geometries of each model bilin,
aligned with the multiple conformations found for each type of
pigment in the crystal structures, are shown in Fig. 2. As can be
observed, these geometries keep the conformations of the
pigments in their specific protein environments.

The geometries of fully protonated and deprotonated (at rings
A, B, C or D) forms of each model chromophore (PEB, PEB',
DBV, DBV', PCB and MBV) were optimized at the B3LYP/6-
31G(d) level of theory. The resulting minima were verified by
vibrational frequency analysis, and corresponding free-energy
corrections (G.o-) at 298.15 K were obtained by scaling the
vibrational frequencies by 0.977, as recommended for this
level of theory.42 Subsequently, the electronic energies were
refined by combining SCS-MP2 energies extrapolated at the
complete basis set (CBS) limit with CCSD corrections obtained
with a reduced basis set. The spin-component-scaled version
of MP2 provides a significant improvement on ground state
energies by scaling parallel and antiparallel-spin
correlation energies:43

pair

1 6
Escs—mp2 = Eyp + 3 (Ecorr(a—a) + Ecorr(ﬁ—ﬁ)) + gEcorr(a—ﬁ)
(6)

The CBS energy was then extrapolated from SCS-MP2
correlation energies computed using Dunning's cc-pVDZ and
cc-pVTZ basis sets according to the formula proposed by
Halkier:*

CcorT 3 CcorT 3
Escs-mpz/cc-pvrz3” —Escs—-mp2jcc-pvpz2
33_23

Escs-mp2/cs = Enrjec—pvrz +
(7)

Finally, in order to recover the correlation energy between

MP2 and CCSD, we added a correction given by the difference

between CCSD/6-31G(d) and MP2/6-31G(d) calculations.
AEccsp = Eccspje-316(a) — Escs-mpz/6-316(a) (8)
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Thus, the final gas-phase free energies for the protonated and
deprotonated species were given by the following expression:

Ggas = Escs-mp2/cs + AEccsp + Georr (9)

Gas-phase free energies were then combined with hydration
free energies computed using the MST** and smD?’
continuum solvation models. MST and SMD calculations were
performed at the B3LYP/6-31G(d) level of theory, in order to
be consistent with the parametrization of these methods. In
order to test the accuracy of the computational protocol we
also computed the known pK,'s of the heteroaromatic
molecules pyridinium and imidazolium, which can also
deprotonate an aromatic NH" group like the bilins, following
the same strategy. All quantum chemical calculations were
performed using the Gaussian 09 software.*®

MD simulations and protein pK, shifts. We performed MD
simulations for PC577, PC612, PC630 and PC645 solvated in
pre-equilibrated TIP3P water boxes (buffer zone 15A) using the
Leap module of the Amber14 suite of programs.49 The ff14SB°°
and GAFF! force fields were used for the proteins and the
bilins, respectively. Charges for PCB, MBV, and DBV’ bilins in
their fully protonated forms were derived from
multiconformational RESP* fits performed at the HF/6-31G(d)
level of theory on the multiple geometries of the pigments
found in the complexes, where hydrogens were previously
optimized and Cys links were treated as described previously
for PE545.%° Protein hydrogen atoms were added according to
PROPKA predictions,40 which indicated standard protonation
states for all titratable residues except for His22A in PC630 and
His21A in PC645, which were considered in their fully
protonated form. The four systems were initially minimized
and then thermalized running 50 ps NVT and 150ps NPT
simulations applying constraints on the protein and bilin atoms
with a harmonic potential (500.0 kcaI/mqu&Z). Then, we
thermalized the complete system from 50K to 300K by running
50 ps NVT and 50 ps NPT simulations. Finally, we extended the
simulations for 10 ns for production purposes. All runs were
performed with Amber 14% using an integration time step of 2
fs together with the SHAKE algorithm to restrain all bonds
involving hydrogen, periodic boundary conditions, the particle-
mesh Ewald approach to account for long-range electrostatics
and a nonbonded cutoff equal to 10 A. For PE545 we used the
MD simulation described in ref.”® We then extracted 50
snapshots equally spaced along the trajectories to estimate
the bilin pK, values in the complexes. Water-to-protein pK,
shifts were computed using the empirical rules implemented in
the PROPKA3.0" server, which have been extended to K,
shifts of active site residues and ionizable ligands/cofactors in
PROPKA3.1.* In these calculations, the propionic acid groups
of the pigments were treated as additional titratable groups
with a reference pK, value of 4.5.

2.3 Absorption spectra

Concentrated samples of purified PE545, PC577, PC630 and
PC645 isolated from Rhodomonas sp. CS24 (PE545),
Hemiselmis pacifica CCMP706 (PC577), Chroomonas CCAC

This journal is © The Royal Society of Chemistry 20xx

1627 B (PC630) and Chroomonas mesostigmatica CCMP269
(PC645) were frozen at -20°C in 0.050 M sodium phosphate
buffer (pH 6.5 for PE545; pH 7.5 for PC577, PC630 and PC645)
until required for spectroscopic measurements.”> We then
prepared buffer solutions at varying pH levels by adjusting
relative amounts of Na,HPO, and citric acid (pH 4.0, 4.6, 5.4),
Na,HPO, and NaH,PO, (pH 6.5, 7.8) trizma HCl and trizma base
(pH 8.2, 8.5, 9.0) and Na,CO; and NaHCOs; (pH 9.4). We
measured the pH levels to be 4.0+ 0.1,4.6 +0.1,5.4 0.1, 6.5
+0.1,7.8+0.1,8.2+0.1,8.5+0.1,9.0 £ 0.1 and 9.4 £ 0.1 using
a calibrated microelectrode (Mettler Toledo). 100uL aliquots of
concentrated protein were diluted into the different 1.5 mL
volume buffer solutions. The protein and buffer solutions were
measured and dispensed using a micropipette to make the
concentrations as equal as possible. Proteins were diluted to
an optical density (0.D.) of ~0.05/mm. Solution-phase steady-
state linear absorption spectra for each phycobiliprotein was
then recorded using a Varian Cary 6000i UV-vis spectrometer
with a resolution of 1 nm at room temperature.

3. Results and discussion
3.1 Aqueous pK,

The first-principles determination of aqueous pK, values is
considerably challenging due to potential inaccuracies in the
calculation of the gas-phase free energies of the acid and the
conjugated base, as well as on their solvation free energies, as
their counterparts for the proton, Gy,s(H*) and AG,,(HY), are
well tabulated. The main source of inaccuracies may be
ascribed to the calculation of the solvation free energies of the
ionic species, as the gas-phase free energies and the solvation
free energies of neutrals can be computed with errors close to
~1 kcal/mol if high-level correlated methods are combined
with modern parametrizations of solvation models.** In
contrast to neutrals, solvation free energies of charged species
are larger in magnitude due to strong electrostatic solute-
solvent interactions, thus increasing associated errors. In
addition, this can led to persistent specific interactions, like
hydrogen bonds, not properly accounted for in continuum
solvation models. Thus, the hydration free energy of ions
estimated from continuum models may lead to increased
errors of ~4-5 kcal/mol, though prediction of relative free
energies may benefit from cancellation of errors. Because of
this, we have chosen to use two alternative solvation models,
the SMD model developed by Marenich and co-workers*” and
the MST model developed in Barcelona.***®

In order to test the validity of our computational protocol, we
first computed the pK, of two aromatic heterocyclic
compounds with known acidity, pyridinium and imidazolium,
which, like the bilins, can be deprotonated on NH" groups
without breaking the aromaticity of the heterocycle. The
results, reported in Table 1, support the reliability of the
computational protocol, with absolute mean errors of ~1 pK,
unit for both solvation models (contributions to the proton
dissociation free energies are reported in Table S1 of the
Supporting Information). This indicates the absence of
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important systematic deviations in the prediction of absolute
pK, values, an error often found to depend on the nature of
the functional group.34’53 Thus, pK, predictions for the bilin
chromophores can be roughly expected to have an accuracy of
~1-2 pK, units.

Table 1. Gas-phase and aqueous proton dissociation free energies and
corresponding pK, values computed for pyridinium and imidazolium.

hand, the protein environment might play a key role in
determining the relative stability of these tautomers as well as
of the fully protonated form, in a situation reminiscent of the
influence exerted by the local environment on the pK, of His
side chains in proteins.

Table 2. Gas-phase and aqueous proton dissociation free energies and pK, values
computed for the deprotonation reaction on different pyrrole rings of bilin molecules.

MST SMD
AGos” DG pK,  AGh"  pK,  DPKaexy
Pyridinium 215.6 5.4 39 5.4 3.9 5.2
Imidazolium 219.2 10.1 7.4 8.7 6.4 7.0

°Free energies (kcal/mol) corresponding to standard states of 1 atm in gas
phase (AGS,s) and 1 M in aqueous solution (AGg,). PExperimental values
from Ref >,

For the bilins, we have computed the pK, using the same
protocol and adopting solvation free energies averaged over
MST and SMD-based predictions. Table 2 shows the aqueous
pK, predicted for each pyrrole ring of the bilin chromophores,
as well as the corresponding gas-phase and aqueous free
energies (the individual contributions to these free energies
are shown in Table S2). In all cases the outer pyrrole rings A
and D present larger pK, values (from 11.9 to 31.8) than those
of the central B and C rings, which lie in the range 5.8-7.4. The
amide character of the nitrogens in the outer rings explains
this result, as deprotonation would prevent the delocalization
of the nitrogen lone pair toward the carbonyl group and the
corresponding resonance stabilization. However, the pK,
values of outer rings show three characteristic behaviours,
depending on i) whether the ring is linked through a methine
or a methylene bridge to the central pyrrole ring, and ii) the
oxidation state of the ring. In the first group, the D rings of PEB
and DBV (as well as doubly linked PEB' and DBV') are not
conjugated with the other rings because of the methylene
bridge, leading to a pK, of 30-32. This can be explained by the
lack of the positive charge delocalization onto this ring in PEB
and DBV, whereas in PCB and MBYV the positive charge can
delocalize along the four pyrroles, including ring D (note here,
however, that for the sake of simplicity only a single Lewis
resonance structure is shown in Fig. 1). The A rings of PEB, PEB'
and PCB, in contrast, are the least basic outer pyrroles, given
their less oxidized state compared to the A rings in the other
bilins, which leads to pK, values of 12-13. Finally, the other
outer rings (A ring of DBV, DBV' and MBV, D ring of PCB and
MBYV) display a pK, of 16-17.

Overall, the results clearly indicate that the central B and C
rings are the most acidic ones, with a pK, of 6—7 in aqueous
solution. The PCB pigment seems to be the least acidic, with a
pK, value of 7.1 (7.4) for the B (C) ring. The other pigments
show similar acidities, the DBV one being slightly more acidic,
especially the doubly linked DBV’ one, in which the pK, of ring
Cis lowered from 6.3 to 5.8 compared to the singly linked DBV.
The results also indicate minor differences regarding the
acidity of rings B and C, suggesting that at basic pH there could
be a mixture of both deprotonated tautomers. On the other
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Ring AGy,s" AG;,° K,
PEB
A 249.4 18.2 13.3
B 235.4 9.3 6.8
C 234.1 8.9 6.5
D 290.4 41.0 30.0
PEB'
A 248.2 17.0 12.4
B 234.9 9.5 6.9
C 233.9 8.8 6.4
D 292.1 42.3 31.0
DBV
A 255.3 23.7 17.4
B 234.3 9.2 6.7
C 233.1 8.6 6.3
D 288.4 40.7 29.9
DBV
A 255.9 24.1 17.6
B 234.5 9.2 6.7
C 232.6 7.9 5.8
D 290.4 43.4 31.8
PCB
A 250.2 16.2 11.9
B 238.4 9.7 7.1
C 238.7 10.1 7.4
D 258.1 23.1 17.0
MBV
A 256.6 22.9 16.7
B 236.7 9.1 6.6
C 236.6 9.0 6.6
D 256.2 21.9 16.1

°Free energies (kcal/mol) corresponding to standard states of 1 atm in gas
phase (AG,,s) and 1 M in aqueous solution (AGg,), the latter computed by
using the solvation free energies averaged from MST and SMD calculations.

Recent predictions by Feliks and Field on the biliverdin
pigment of the IFP2.0 fluorescent protein found slightly more
acidic pK, values by about ~4-5 pK, units compared to our
results for the similar MBV bilin.*® Nevertheless, biliverdin
differs from MBV by the presence of two vinyl groups instead
of ethyl groups linked to rings A and D as well as by the
orientation of the A ring. Moreover, their calculations included
the propionic groups and involved an empirical correction
calibrated on a training set of acids. Nevertheless, it is worth
noting that a similar protocol was adopted in that study based
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on DFT and single point MP2/CBS calculations. However, here
we further refine the MP2/CBS values by adopting the SCS
variant of MP2 and by adding CCSD corrections, two effects
that contribute by ~50% each in increasing the pK, estimates
of the MBV central rings by ~3.5 pK, units, thus illustrating
the importance of such corrections and partially explaining the
discrepancy with our results. For example, our predictions for
pyridinium and imidazolium show absolute mean errors of ~1
pK, unit, as discussed before, but degrade considerably to ~3
pK, units if SCS and CCSD corrections are omitted.

3.2 Protonation preferences in the protein complex

In this section we investigate the impact of the specific
environment of the bilins in five different cryptophyte
complexes. Our predictions suggest that the model bilin
pigments (lacking the propionic acid groups) have aqueous pK,,
values around ~6-7, corresponding to deprotonation of either
B or C central pyrrole rings. Thus, the protein environment and
the relative orientation of the propionic acid groups may play a
key role in determining the relative stability of the protonated
form and of the two unprotonated tautomers. Table 3 reports
the pK, values computed for bilin pyrrole rings B and C in their
protein environments, computed as the sum of the aqueous
pK, results discussed in the previous section and the MD-
averaged ApK,(wat — prot) shifts computed by using PROPKA
(Eg. 5). In addition, in Table S3 of the Supporting Information
we report the bilin pyrrole pK, values computed for the crystal
structure, whereas in Tables S4 and S5 we show the pK, values
estimated for the bilin propionic groups and selected titratable
residues directly interacting with the bilins.

The predicted pK, values for the bilin pyrroles in the five
cryptophyte complexes span a range between ~5 and 8 pK,
units. Thus, the protein environment and the propionic acid
groups tune in slightly different ways the aqueous pK,’s of
bilins, which are in the range ~6-7 (Table 2). Interestingly, in
most bilins the acidity of rings B and C is very similar, with
differences less than 0.5 pK,, units. However, for doubly linked
pigments DBVsg/6:3 and DBVso61p (PC577, PC612, PC630 and
PC645 complexes) there is a clear trend indicating a pK,
smaller by ~1 unit for ring C compared to B, thus suggesting
that deprotonation should only occur in pyrrole unit C, a
preference that was already observed in the acidities of DBV’
in water (Table 2). Note also that in the symmetric proteins
PC577 and PC612, which are organized as (af), homodimers,
the symmetric pairs of chromophores located in the A/C and
B/D polypeptide chains present very similar acidity constants,
as one would expect. The impact of thermal fluctuations on
the acidity constants is found to be small. Indeed, most pK,
values present standard deviations of ~0.1-0.2 units along the
MD trajectories, and the estimates are close to those derived
from the crystal structure of the complexes, with differences
below 0.5 units in most cases (see Table S3). The only
remarkable change is found for PEB;sgp in PE545, in which the
crystal structure leads to an unexpected pK, of 5.2 compared
to the MD-averaged value of 7.2, which is closer to the value
of 7.5 found for the similar PEB;sgc bilin. On the other hand,
we find pK,, values in the range 2.5-5 for all bilin propionic acid
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groups (Table S4), suggesting that they are unprotonated at
physiological conditions.

\v
a)

Figure 3. Representation of the environment surrounding bilin pigments. a)
DBVsoss1p pigment in the PC645 complex with central pyrrole rings interacting with
Asp54D. b) MBV;g, pigment in the PC645 complex with central pyrrole rings

interacting with a crystallographic water.

By analyzing the details of the environment surrounding the
bilin pigments on each complex, we can identify two different
situations regardless of the nature of the chromophore that
largely explain the trends in pK, values. As it also happens in
the C-PC complex of cyanobacteria,zo_22 the central pyrrole
rings of all PEB, PCB and DBV bilins located in the highly-
conserved B polypeptide chains are coordinated with an Asp,
which stabilizes the protonated form. A similar explanation
applies to PCByg bilins in PC577 and PC612 located in the more
divergent a subunits, which interact with a Glu. As reported in
Table S5, our simulations indicate pK, values in the range 3.3-
6.9 for these Asp and Glu residues, in all cases lower than
those estimated for the bilin pyrrole rings they interact with. In
these situations, the bilin pK,, values are in the range ~6-8. In
contrast, MBVs in PC630 and P645 and DBVs in PE545 lack the
coordination with Asp or Glu, leading to pK, values of ~5. In
Fig. 3 we show the environment surrounding DBVsgip in
PC645, with its central pyrrole rings interacting with Asp54D,
and MBVig,, in which the pyrroles are coordinated with a
crystallographic water. It is also worth noting that in DBVs in
PE545 and MBV19C in PC630 and PC645 there is a His residue
interacting with the bilins, as shown in Fig. S1. In this case, a
pK, of ~4 is estimated for His16A/His16B in PE545, in
agreement with the neutral state suggested by difference
electron density maps of the complex.19 On the other hand,
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the pK, of ~7.5 computed for His22A and His21A in PC630 and
PC645 indicate a fully protonated form, consistent with its
simultaneous interaction with a propionic group and a Glu
observed in the crystal structure.

Table 3. MD-averaged acid dissociation constants computed using PROPKA for bilin
pyrrole rings B and C in their specific protein environments (standard deviations in

brackets).

pK, (B) pK,(C)

PES545 (oupap)
DBVi9a 5.6 (0.1) 5.7(0.1)
DBVies 5.8(0.1) 5.6 (0.1)
PEBso/s1c 7.3(0.2) 7.1(0.1)
PEB1ssc 7.5(0.1( 7.6 (0.1)
PEBsac 6.7 (0.1) 6.9 (0.1)
PEBso/610 7.4 (0.1) 7.5(0.1)
PEB1ssp 7.2(0.3) 7.2(0.3)
PEBs2o 6.9 (0.1) 7.0 (0.2)

PC577 (afaf)
PCB;oa 8.0(0.1) 7.8(0.1)
DBVso/618 7.6 (0.1) 6.7 (0.2)
PCBisgs 7.9(0.2) 8.2(0.2)
PCBgys 6.9 (0.1) 7.3(0.2)
PCBsoc 7.9(0.2) 7.8(0.1)
DBVso/610 7.5(0.2) 6.6 (0.3)
PCBisgp 7.9(0.1) 8.2(0.1)
PCBsyp 7.0(0.1) 7.4(0.1)

PC612 (afaf)
PCB;0a 8.1(0.2) 7.9 (0.1)
DBVso/618 7.5(0.3) 6.6 (0.4)
PCBisgs 7.9(0.1) 8.1(0.2)
PCBgys 7.0(0.1) 7.4(0.1)
PCBsoc 8.1(0.2) 8.0(0.1)
DBVso/610 7.7 (0.1) 6.8 (0.2)
PCBisgp 7.9(0.1) 8.1(0.1)
PCBsyp 7.0(0.1) 7.4(0.1)

PC630 (a.foup)
MBV1sa 5.6 (0.1) 5.0(0.2)
DBVso/618 7.3(0.1) 6.3 (0.4)
PCBisgs 7.9(0.1) 8.3(0.2)
PCBgys 7.0(0.1) 7.3(0.1)
MBV1sc 5.4(0.1) 4.9(0.2)
DBVso/610 7.2(0.2) 6.4 (0.1)
PCBisgp 7.6(0.2) 7.9 (0.2)
PCBssp 7.1(0.1) 7.3(0.1)

PC645 (a.foup)
MBV1sa 5.9(0.1) 5.3(0.2)
DBVso/618 7.3(0.2) 6.3 (0.5)
PCBisgs 7.8(0.1) 8.0(0.2)
PCBgys 7.1(0.1) 7.4(0.1)
MBV15c 5.5(0.1) 5.0(0.2)
DBVso/610 7.3(0.2) 6.3 (0.1)
PCBisgp 7.6(0.1) 8.0(0.2)
PCBssp 7.0(0.1) 7.4(0.1)

3.3 Absorption spectra

Because cryptophyte biliproteins are immersed in the lumen,®
where the pH varies in the range ~5-7 depending on the
prolongation of the incident sunlight,17 light exposure could
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potentially tune the light harvesting properties of these
complexes given that protonation/deprotonation could be
expected to occur in these conditions. However, as discussed
in Sections 2.1 and 3.1, the accurate prediction of both
absolute pK, values in water and the corresponding shift upon
transfer from water to a protein environment are still
challenging, which may lead to uncertainties of ~1-2 pK, units
on the acidities reported in Table 3. The relative pK, values for
the pigments, however, are expected to be more accurate,
with errors within 1 pK, unit. In order to validate our
simulations and identify potential systematic errors in the
predicted acidity constants, we have recorded the absorption
spectra of four of the complexes (PE545, PC577, PC630 and
PC645) at pH values ranging from 4.0 to 9.4. Our aim is to
identify variations in the absorption spectra upon varying
conditions and correlate them with changes in the protonation
pattern of the pigments inside the proteins. In addition, these
measurements allow us to directly test whether pH changes in
the range ~5-7 as those occurring in the lumen could impact
the absorption spectra of the complexes and thus their
photosynthetic function upon prolonged light exposure.

The pH-dependent absorption spectra measured for the
different complexes are shown in Fig. 4, whereas Fig. 5 shows
the difference spectra relative to the pH 6.5 curves in order to
amplify the spectral changes. We additionally show the spectra
obtained at pH 4.0 and 9.4, in which the trends observed are
less regular, in Fig. S2 of the Supporting Information. Note that
at these pH values protonation/deprotonation of protein
residues and partial unfolding of the complexes may affect the
absorption spectra, making it more difficult to correlate
absorption changes to variations in the protonation pattern of
the pigments.55 Indeed, the absorption spectra of all the
proteins varies at pH 4, matching the approximate pK, of Asp
and Glu side chains, but after the eventual deprotonation of
these aminoacids all spectra remain mostly unchanged as pH is
increased from 4.6 to 6.5. Thus, it seems unlikely that any
change in protonation pattern occurs in this range of pH. In
contrast, we find some appreciable changes in all absorption
spectra in basic conditions as the pH increases until 9,
especially for PC630 and PC645 complexes, but also to some
extent in PE545 and PC577.

The changes observed in PC645 indicate that the relative
intensity of the low energy band is reduced. This is consistent
with the spectral changes predicted recently by Lee and co-
workers arising from deprotonation of MBVs,” which
increases the energy of the mt—xt* transition. As expected by
the lack of a coordinating anionic residue, MBV pigments are
predicted to be the least basic bilins in the complex. However,
the predicted pK, is ~5 for MBVs, whereas the spectral
changes occur at pH > 7. Thus, the observed spectral changes
suggest that our predictions are underestimating the pK, of
these pigments by at least 2 units, which we deem reasonable.
Another possibility could be that MBVs are indeed already
deprotonated in acidic conditions, as suggested by our
predicted pK, of ~5, so that the spectral changes might arise
from an eventual deprotonation of the central DBV’s in the
complex, predicted to be slightly more basic than MBVs with a
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pK, ~6.3. This possibility, however, is inconsistent with the fact
that the spectra remains almost unchanged in the 4.6 — 7.8 pH
range, as this would suggest a larger difference in acidity
among DBVs and MBVs. Moreover, the DBVs contribute to the
high-energy band of the absorption,ls’u’25 so we would expect
the largest spectral changes to occur there instead of the low-
energy band. Thus, all bilins, including MBVs lacking the
anionic counterion that interacts with the central pyrrole rings,
seem to be protonated at the pH range found in the lumen for
PC645. These findings are in line with negligible changes in
both spectra and energy transfer dynamics measured for
PC645 using two-dimensional electronic spectroscopy at pH
values 5.7, 6.5 and 7.4°°

In the PC630 complex, we find a similar trend in spectral
changes compared to PC645, with appreciable changes in the
spectra occurring only at pH values > 7. As for PC645, we
expect that deprotonation of MBVs in the complex, rather
than the central DBVs, is responsible for the changes observed,
given that protonation of the DBVs and the consequent
increase in transition energy should mostly impact the high-
energy band of the spectra, whereas MBVs are expected to
contribute to the low energy bands. In contrast to PC645, in
PC630 the rise in pH decreases the relative intensities of both
high and low-energy bands compared to the medium-energy
region. In addition, there is a slight shift to shorter
wavelengths both at the red and blue edges of the spectrum,
leading to an increase in the overall broadening. Because the
spectra in PC630 is more congested than for PC645, the shift in
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MBV energies seems to have a larger impact on the total
broadening of the absorption, thus causing an overall decrease
of the intensity in the normalized spectra shown in Fig. 4,
which affects both low and high-energy bands.

In contrast to PC630 and PC645, in PE545 and PC577 the
absorption is found to be less sensitive to changes in acidity.
Nevertheless, the trends are similar given that appreciable
changes in the spectra are only found when the pH is
increased over 7. This finding supports the idea that most
bilins are fully protonated in acidic conditions, whereas some
of them can deprotonate at pH values ~7 or larger. As
reported in Table 3, the more acidic bilins in PE545 are the
central DBVy94 and DBV;gz pigments, which lack an anionic
amino acid counterion, with a pK, 5.6. The variation found at
basic conditions on the low energy band are in agreement with
the expected impact of deprotonation of the DBVs, which
mainly contribute to the red—edge.zg‘57
again suggests that our pK, predictions are underestimated by
at least ~2 units. Otherwise, if most PEB pigments in PE545
would have a pK, ~7 as reported in Table 3, we would expect
more drastic changes in the spectra when the pH is increased

This interpretation

from 4.6 to 9.0. As shown in Fig. S2, a drastic change is indeed
observed at pH 9.4, which could be partially caused by
deprotonation of most PEBs in the complex. Thus, our results
support a fully protonated form of the DBV pigments lacking
the anionic counterion at the pH ranges ~5-7 found in the
lumen, although some small fraction of these pigments could
be present in their deprotonated form.
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Figure 4. Normalized absorption spectra of cryptophyte antenna complexes at different pH values. a) PE545, b) PC577, c) PC630 and d) PC645.
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On the other hand, in PC577, as in PC612, all pigments in the
complex are coordinated either to Asp or Glu. In this case, the
central DBVsg/618 and DBVsgs61p pigments are predicted to have
the lowest pK,, close to ~6.7, which may be somewhat
underestimated as discussed for the other complexes. The
changes observed in the PC577 spectra are again consistent
with this interpretation, as we find almost no changes when
the pH is increased from 4.6 to 6.5, and only a small decrease
in the relative intensity of the maximum absorption band
located at ~577 nm when the pH is further increased until 9.0.
Because the central DBVs are expected to contribute to this
high-energy band,’ these spectral changes are probably caused
by a progressive deprotonation of the DBV pigments at basic
conditions. Due to the high similarity between PC612 and
PC577 in terms of structure, spectra and predicted pK,, we
expect the same situation to happen in PC612.

Conclusions

In this study we have addressed the protonation preferences
of four types of bilin pigments (PEB, PCB, MBV and DBV) found
in different antenna complexes from cryptophyte algae,
including three "closed" (PE545, PC630 and PC645) and two
"open" forms (PC577, PC612). We applied SCS-MP2 quantum
chemical extrapolated to the CBS limit,
supplemented with CCSD corrections, as well as SMD and MST

calculations

continuum solvation calculations to predict the intrinsic acidity
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of model bilins (lacking the propionate side chains), leading to
pK, values of ~6-7 in aqueous solution. The results point out
that deprotonation of bilins is expected to occur at any of the
central B and C pyrrole rings, which are predicted to have
similar acidities, given the amide character of the nitrogens in
the outer rings (A and D). We then investigated the impact of
the propionate side groups and of the specific protein
environment, both as found in the crystal structure of the
complexes, on the acidity constants using PROPKA combined
with MD simulations, and critically assessed the predictions
through comparison with the absorption spectra of the
complexes measured in the pH range from 4.0 to 9.4. Our
simulations predict a strong impact of the local environment in
the protonation preferences of bilins, leading to both increases
as well as decreases in their acidities. The results indicate
approximate pK, values ~7-8 for PCBs and ~6-7 for PEBs and
DBVs in which the central pyrrole rings interact with an anionic
Asp or Glu counterion, as also found for PCBs in the C-PC
complex of cyanobacteria, whereas a pK, ~5 is predicted for
DBVs and MBVs lacking such counterion in PE545 and
PC630/PC645 complexes, respectively. The analysis of the
absorption spectral changes observed upon increasing pH
values, however, suggest that the predictions are
underestimated by ~2 pK, units, given that appreciable
variations in the spectra of the complexes are only observed at
pH ~7 and found to be consistent with deprotonation of the
DBV and MBV pigments lacking a coordinated anionic residue.
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The present results thus suggest that most bilins in
cryptophyte complexes are expected to be fully protonated
when the pH varies on the range ~5-7 in the lumen, depending
on the prolongation of light exposure, although some minor
fraction of DBV and MBVs could also be deprotonated at pH ~
7. Nevertheless, protonation/deprotonation is not expected to
change the light harvesting pathways and dynamics in the
complexes at physiological conditions. This information will be
useful to derive improved models aimed at understanding the
interplay between the protein environment and energy
transfer dynamics in cryptophytes, including the observation
of persistent vibronic coherences in "closed" forms of these

antenna proteins.
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Resum

Les proteines antena dels diferents sistemes fotosintetics tenen un paper crucial, ja
que soOn els encarregats de captar la llum i transportar-ne 'energia resultant als
centres de reaccid. Aquestes proteines antena presenten una diversitat molt
amplia, tant en nombre com en l'estructura dels pigments que les constitueixen,
per tal d’adaptar-se a la diferent disponibilitat de llum de I'habitat on es troben.
L’interes en entendre l'eficacia en el transport de '’energia en aquests complexes
ha anat augmentant des de I'obtenci6 de les primeres estructures cristall, ja que les
diferencies en les longituds d’ona d’absorcié de les diferents proteines antena
sembla anar lligada, en part, a la naturalesa de l'estructura proteica. Tot i el gran
nombre de treballs i estrategies desenvolupades per a la obtencié d’aquestes
energies, avui en dia encara representen un repte considerable per les técniques
computacionals actuals degut a la gran dimensié dels sistemes. En aquest treball
s’han estudiat quatre proteines antena presents en les algues del filum dels
criptofits, que es presenten en dues estructures quaternaries diferenciades, una
estructura “oberta” (PC577 i PC612) i una “tancada” (PC630 i PC645), canvi que
provoca la separacid del dimer format per els pigments centrals i que es tradueix
en una reduccio en I'acoblament electronic entre aquests i en una atenuacio de les
coherencies observades en els sistemes “tancats”. Per tal d’obtenir el Hamiltonia
electronic per descriure el procés de EET en aquests quatre sistemes, s’han calculat
les energies d’excitacié dels diferents pigments i els acoblaments electronics
mitjancant dues estrategies diferents. Per un cantd, una estrategia esta basada en
simulacions de MD per tal de tenir en compte els efectes termics de les diferents
estructures, sobre les quals s’han realitzat a posteriori calculs QM/MMPol sobre les
estructures extretes de la dinamica, mentre que la segona estrategia esta basada en
una pre-optimitzaci6 de la geometria dels diferents pigments a nivell QM /MM, per
tal de realitzar posteriorment un unic calcul multiescala QM/MMPol/ddCOSMO de
les energies d’excitacié i dels diferents acoblaments electronics. Tot i que ambdues
estrategies presenten pros i contres, els resultats obtinguts semblen indicar que

I'ds d’'un force field classic en el meétode basat en les MD introdueix errors

109



110

RESULTATS

significatius en les energies relatives entre els diferents tipus de pigments. D’altra
banda, el metode basat en les geometries optimitzades QM sembla predir energies
relatives molt més raonables, tot i que en negligir els efectes termics el rang
d’energies descrites resulta exagerat en comparaci6 amb els espectres

experimentals.
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Abstract

Quantitative models of light harvesting in photosynthetic pigment-protein antenna complexes
depend sensitively on the relative energetic ordering of the site energies of the pigments. The
accurate determination of relative site energies is however still a considerable challenge for
structure-based simulations. Here we analyze the light harvesting properties of four antennae
from cryptophyte algae, phycocyanines PC577, PC612, PC630 and PC645. We compare two
alternative theoretical strategies to derive the excitonic Hamiltonian. The first is based on
molecular dynamics (MD) simulations and subsequent polarizable quantum/molecular
mechanics (QM/MMPol) calculations of the relevant excitonic parameters (site energies and
electronic couplings). The second more cost-effective approach is based on three-layer
QM/MMPol/ddCOSMO calculations performed on geometries of the pigments optimized at the
quantum-chemical level, where the water solvent is described using the ddCOSMO continuum
model. Our results point to significant systematic errors between different types of bilins
induced by the underlying classical force field adopted in the classical MD simulations, whereas
the strategy based on QM-based geometries still underestimates the relative energies of MBVs
due to the neglect of thermal effects. Our results strongly suggest that these four
phycobiliproteins share a common energetic ordering PCBs, < PCBisg < DBVsys1 for pigments
located in the highly-conserved B chain. The spectral variability among PBPs thus seems to
arise from the energy tuning of the bilins in the more divergent a chain, which in PC577 and
PC612 are expected to contribute to the middle-energy region of the spectra, whereas in PC630
and PC645 contribute to the low-energy one. In addition, we predict a strong screening of the
coupling among central DBVs in “open” form complexes PC577 and PC612 compared to
“closed” form ones, which together with the increased interpigment separation explains the

attenuation of coherence beatings observed for these complexes.



1. Introduction

Pigment-protein antenna complexes play an important role in the photosynthetic machinery by
collecting sunlight and transporting it to reaction centers (RC), where the absorbed energy is
used to drive charge separation events.! Whereas reaction center complexes are quite conserved,
antenna complexes encompass a rich variety of structures and pigment compositions adapted to
the needs of the photosynthetic organisms depending on their particular habitats. The
remarkable quantum efficiency of the electronic energy transfer (EET) process that drives the
energy to the RCs has inspired a continued effort aimed at understanding the subtle details that
relate the EET process with the structure of the underlying biomolecule.>* However, since the
first high-resolution crystal structure of an antenna complex, the Fenna-Matthews-Olson (FMO)
complex, appeared 40 years ago,’ a particularly challenging aspect has been the precise
determination of the site energies — the uncoupled excitation energies of the pigments.® A rather
successful strategy relies on the simultaneous fitting of a variety of optical spectra.” However,
those fittings are not free from ambiguities, even in antenna complexes with a relatively low
number of sites.® In addition, they do not allow drawing a relation between the light harvesting
properties of the complex and its underlying structure, a desirable insight in order to establish
structural blueprints for the design of artificial light harvesting systems. An attractive alternative
to empirical models consists in the theoretical calculation of site energies from the structure of
the complex, but this has proven to be a remarkable challenge, because the errors associated to

present computational methods are similar to the relative site energy differences.

In the last decade a variety of groups have attempted the calculation of site energies in variety of
photosynthetic systems, with variable degrees of success.”™ The differences among these
computational approaches are mainly related to the quality of description used to model the
pigments and the surrounding protein and solvent environment, and thus their interactions. In
addition, these strategies also differ on whether the solvatochromic shift arises purely from 1)
pigment-protein interactions, ii) deformation of the pigment internal geometries in the protein
scaffold, or iii) both effects. Simulations of site energies on chlorophyll-containing antennae
have been quite successful by limiting the mechanism of site-energy tuning to direct
electrostatic pigment-protein interactions,* even if contradicting reports indicate an important
role played by the chlorophyll macrocycle deformation.’ In contrast, in phycibiliproteins (PBP),
which contain quite flexible linear tetrapyrrole pigments called bilins, site energy tuning exerted
by the protein has been previously adscribed mainly to the constrained conformation of the

t.!1% Accounting for internal deformation effects is however hard to

bilins in the protein pocke
estimate in a reliable way, which partially explains why neglecting this effect has led to good
results in chlorophyll-based systems. Indeed, estimating this effect from the pigment geometries

in a crystal structure is in general not reliable due to the limited resolution of the crystal.!!



Accurate geometries with enough quality to carry out excited-state calculations can thus be
derived, in principle, by using quantum-chemical (QM) methods, often coupled to a classical
molecular mechanics (MM) description of the environment in so-called hybrid QM/MM
aproaches.'” However, proteins are characterized by complex energy landscapes, so thermal
effects can have an important impact on the results. In other words, performing calculations on a
single structure can be a limited description of the properties of a thermally disordered

biological system.

Here, we investigate the performance of alternative theoretical strategies to determine the light
harvesting properties of photosynthetic complexes by studying four PBPs from cryptophyte
algae, the phycocyanins PC577, PC612, PC630 and PC645."* These systems are well-suited for
this task because both the PC577/PC612 and PC630/PC645 pairs share the same pigment
composition, therefore its changes in spectral properties arises from the changes in the
underlying protein sequences. In particular, PC577 and PC612 contain six phycocyanobilins
(PCB) and two 15,16-dihydrobiliverdins (DBV), whereas PC630 and PC645 contain 4 PCBs, 2
DBVs, and two mesobiliverdin (MBV). Moreover, single-residue insertion switches the
“closed” quaternary structure from PC630/PC645 to an “open” structure for PC577/PC612,'* as
shown in Fig. 1, leading to a reduction of the exciton coupling of the central DBV-DBV pair

that explains the attenuation of coherence beatings observed for these PBPs.

PCo645

Figure 1. Structure of the cryptophyte antenna complexes PC577, PC612, PC630 and PC645

and the bilin pigments contained.

We compare two different theoretical strategies in order to derive the excitonic Hamiltonian of

these systems, which mainly differ in the way the effect due to the internal geometries of the



pigments is handled. Our first strategy is based on classical molecular dynamics (MD)
simulations of the complexes,'”” and a post-processing of the sampled structures using
polarizable QM/MMPol calculations'® of the relevant excited states and corresponding
electronic coupling values. This strategy was shown to provide a good description of the
properties of the similar phycoerythrin PE545 complex, although it required a different shift in
order to correct for systematic errors in the site energy predictions for the phycoerythrobilin
(PEB) and 15,16-dihydrobiliverdin (DBV) pigments in the complex, probably owing to the
limitations of the QM method used and the underlying force field adopted in the MD.!%!¢ A
similar MD-QMMM strategy has been used by the Kleinekathdfer group to study the properties
of the PE545 and PE555 antennae'”'® We then explore a cost-effective strategy based on
QM/MM geometry optimization of the pigments in the protein scaffold, followed by multiscale
three-layer QM/MMPol/ddCOSMO calculations of the excited states and electronic coupling
values, in which the surrounding solvent, absent in the crystal, is modeled through the novel
linear-scaling domain decomposition solution of the COSMO equations (ddCOSMO)."”
Recently, the Coker group has shown that combining an intermediate strategy based on multiple
geometry optimizations of the pigments along structures sampled from MD can provide a
reliable description of the spectra in PE545 and PC645.2° Our results show that the underlying
force field used in the classical MDs introduce significant errors in the site energies, and
significant systematic errors between DBVs and the other PCB and MBV pigments are found
from these simulations. On the other hand, geometry optimization provides more reliable
relative energies between PCB, MBV and DBV pigment types, but the neglect of thermal
effects leads to an underestimation of the energies in the MBV pigmnts in PC630 and PC645.
Finally, we compute the spectral densities from the Vertical Gradient (VG) approach,? based on
a normal mode analysis of the pigment vibrations, which lead to excellent emission lineshapes,
although for a few pigments in fails to provide such accurate description. Finally, we compare
electronic couplings and solvent screening factors computed from the MD-QM/MMPol and the
QM/MMPol/ddCOSMO methods. Our results indicate a drastic screening of the coupling in the
central pair of DBVs in “open” form PBPs, which together with the increased DBV-DBV
separation explain the attenuation of coherence beatings observed for these PBPs. Moreover,
our results suggest that these PBPs share a common ordering PCBs, < PCBiss < DBVsy61 of the
site energies for pigments located in the highly-conserved B chain. The spectral variability
among PBPs thus seems to arise from the energetic location of the bilins in the more divergent
o, chain, which in PC577 and PC612 are expected to contribute to the middle-energy region of
the spectra (PCBxoa and PCBaoc), whereas in PC630 and PC645 they contribute to the low-
energy one (MBVi9a and MBV ().



2. Methods
2.1 MD simulations and geometry optimizations

The structural models and the details of the MD simulations are reported in Ref. 21. These are
based on crystal structures solved for PC645 (PDB 4LMS, resolution 1.35 A),'* PC612 (PDB
4LMB6, resolution 1.70 A),'* PC577 (resolution 1.00 A) and PC630 (resolution 1.60 A). PC577
and PC612 are organized as (ofy); homodimers and contain 6 PCBs and 2 DBVs, whereas
PC630 and PC645 are organized as o3azp heterodimers and contain 2 MBVs, 4 PCBs and 2
DBVs. Note that DBVs, in contrast to the other singly-linked pigments, are linked through two
Cys residues to the protein. Based on the analysis in Ref. 21, all amino acids were considered in
their standard protonation state except His22A and Glu65C in PC630 and His21A and Glu65C
in PC645, which were considered protonated, whereas bilin pigments were modeled with a fully
protonated tetrapyrrole backbone and anionic propionic side chains. 10-ns MD simulations
reported in Ref. 21 were extended to a total of 200 ns, and we extracted a total of 100 snapshots
at regular time intervals from the last 50 ns to be used as input structures in QM/MMpol

calculations. All MD runs were performed with the Amber 14 suite of programs.>

Geometry optimizations of the bilins in their native protein environment were performed using
the ONIOM method with electrostatic embedding,” using B3LYP/6-31G(d) and a classical
Amber description for the QM and MM regions, respectively, as implemented in the Gaussian
code.?* The MM region was described using the same force field adopted in the MD. We first
perform optimizations, starting from the crystal structures, including the full bilin pigments and
selected amino acid interacting with them in the QM region, which was fully relaxed keeping
the MM region frozen. In particular, for PCBs and DBVs we included the Asp or Glu side
chains coordinating the central rings, whereas for MBVs we included selected amino acids
(Lys22A and Lys23A for MBV9a and His22C and Glu26C for MBV9c in PC630; Asn22A for
MBV 94 and His21C and Glu25C for MBV9c in PC645). QM/MM boundaries were defined at
residue-residue and Cys-bilin bonds using the link atom scheme.”> We then further optimized
the bilin structures limiting the QM region only to the the bilin tetrapyrrole backbone, and thus
keeping all amino acids and the propionic side chains frozen in the MM region (capping the
pyrroles with methyl groups) in order to limit the NMA vibrational analysis to the tetrapyrrole
backbone and in order to prevent contamination of excited-state calculations from charge-

transfer effects.

2.2 QM/MMPol and QM/MMPol/ddCOSMO calculations

Excited-state energies and electronic couplings were computed using the multiscale two-layer

QM/MMPol* and the three-layer QM/MMPol/ddCOSMO" models. In both models, a QM
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description of the chromophores is complemented with a polarizable MM description of the
environment based on point charges and induced dipoles. In the QM/MMPol/ddCOSMO,
however, the solvent is described as a continuum medium characterized by its macroscopic
dielectric constant, following the recently developed linear-scaling domain decomposition
algorithm for COSMO.?’?° Both models account for full mutual polarization effects among the

two or three layers. The QM/MMPol model is based on the following effective Hamiltonian:
77 5 rypol 7 7ypol
Hepp = Ho + Hgppnan + Hopngjuan + Hit + Higag (1)

which includes Hamiltonian of the isolated QM system (H,), electrostatic (ﬁgﬁv,/MM) and

polarization (ﬁg;,l/MM) QM/MM interaction energy terms, and the electrostatic self-energy of

the MM charges (H¢},) as well as the MM polarization energy (ﬁ,ﬁ% .

The QM/MMPol/ddCOSMO model extends the effective Hamiltonian in Eq. (1) adding further
QM/ddCOSMO (ﬁQM Jdacosmo) and MM/ddCOSMO Hyum Jddcosmo) interaction terms:

Hepp = Ho + Hgyymm + HSL/MM + Hify + Hiyng + Homyaacosmo + Humyaacosmo  (2)

We use the extension of both approaches to linear response time-dependent density functional
theory (TD-DFT) to perform excited-state calculations. The corresponding transition densities
are then used to compute electronic couplings as a sum of Coulomb and environment-mediated

terms: >3
V =Veour + Venw 3)

The V,,,,,, which in the present formulation includes contributions mediated by both the MMPol
and the ddCOSMO environment, typically leads to an overall attenuation of the coupling, and

an effective screening factor can be defined as:

— VeouttVeny (4)
Veoul

S

Both QM/MMPol and QM/MMPol/ddCOSMO calculations were performed based on the
optimized geometries of the pigments described in the previous section at the TD-DFT CAM-
B3LYP/6-31G(d) level of theory.’! QM/MM boundaries in the bilin-S bonds were treated using
the link atom scheme.” The MMPol region was described using the Amber poll2 AL
parameters.’>** Atomic charges for water were computed from RESP fits at the MP2/aug-cc-
pVTZ level of theory on a TIP3P geometry, whereas polarization-consistent ESP charges for
bilins were derived at the B3LYP/aug-cc-pVTZ level, based on the crystal geometries, using the
Polchat tool.>* Explicit polarization in the MM region was only included for atoms within a
cutoff radius of 18A from the heavy atoms of the QM region. All calculations were performed

using a locally modified development version of the Gaussian package.?* In this work, the



magnitude of the transition dipole moments predicted for the different bilins was in the range
~12-15 D (see Tables S3-S6 in the Supporting Information). This is ~10-30% larger than an
experimental estimate of 11.24 D,** so we did not rescale the electronic couplings to match the

experimental value.
2.3 Spectral densities and modeling of steady-state spectra

Spectral densities of electronic-vibrational coupling were obtained with the Vertical Gradient
(VG) approach.*® This method assumes ground and excited-state potential energy surfaces
(PES) described by the same harmonic oscillator but with displaced equilibrium position, and
allows extracting the reorganization energy from the difference between the vertical and
adiabatic excitation energies. Normal modes were computed based on the optimized geometries
described in Section 2.1. Then, vertical gradients were calculated from the vertical excitation
energies obtained at the same level of theory. Huang-Rhys factors S, of each mode k& were
obtained by projecting the gradient of the excited state f on the ground-state normal mode k:

z2
S = 2 (5)

T 2hw}
thus obtaining the following expression for the spectral density:
C"(w) = mw Xi=o Skwy (6)
where wy, is the frequency of the mode «.

This model allows estimating the intramolecular part of the spectral density. The continuous
part due to slow environmental motions was added a posteriori using an overdamped brownian
oscillator, defined by A and t. While t was fixed to a value of 50 fs, A was fitted for each protein

in order to match the experimental Stokes shift between absorption and emission.

Simulations of absorption (OD), circular dichroism (CD) and fluorescence (FL) spectra were
performed using the site energies, electronic couplings and spectral densities, as reported in
Ref.10. Static disorder was modeled by averaging realizations of the spectra over a random
distribution of the site energies characterized by a given standard deviation o, which was
adjusted in order to reproduce the broadening of the experimental emission lineshapes for each
complex. Lifetime broadening was accounted for based on transfer rates computed using the
modified Redfield tensor.”” We used the following excitonic Hamiltonian describing the

multichromophoric system:

H = Z-1enn) (nl + ZNem Vam [n)(ml (7

where N is the number of interacting chromophores, &, is the excitation energy of the n®

chromophore and V},,, is the coupling between the n" and m™ chromophores. Exciton states |k)

were then obtained from diagonalization of the excitonic Hamiltonian:
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N

N
A= elio)(kl; iy = ) ckIn)
k=1

n=1

where €, is the energy of the k™ exciton state and cX describes the participation of the n

chromophore to the ™ exciton state.

3. Results and discussion
3.1 Spectral densities

In Figure 2 we show the spectral densities (SD) computed using the VG method for the four
PBPs considered, whereas in Tables S1 and S2 of the Supporting Information we report the
corresponding reorganization energies. On the other hand, in Figure 3, we show the total
accumulated reorganization energies as a function of vibrational frequency. In the development
of quantitative models of light harvesting, it is common to assume equal SDs for all pigments in
a given complex. This can be a stronger approximation in systems with different kind of
pigments, whose coupling to the environment can be different, as is the case of PBPs.*® Our
results clearly indicate a larger coupling of DBVs to the vibrations compared to PCBs, whereas
for MBVs the results are less clear. This could be related to the fact that DBVs are covalently
linked to the protein backbone through two Cys residues instead of one. Our simulations
however provide some clear outliers on the general trends observed in the four complexes,
characterized by total reorganization energies in the range A~410-690 cm™': the two DBVs in
PC612 and the MBV 94 in PC630, which display values A~900-1300 cm™ (see Table 1 and 2).
Also the value for MBVgc in PC645 is somewhat low, with a A = 350 cm™'. This suggests that
in a few particular conformations of the pigments, as optimized in the protein scaffold, the
vertical grandients computed suffer significant errors. Indeed, our calculation on the DBVsos18

pigment in PC630 failed to provide reasonable results.

In Figure 3, one can observe that such outliers arise mostly from inaccuracies in the contribution
to A of low frequency vibrations, probably contaminated by the constrained optimization in the
protein scaffold. For DBVsysi5 and MBV 94, however unusual steps in A are also observed at
frequencies ~1500-1600 cm™!, the region characterized by C=C stretchings. Nevertheless, as we
show in the next section, in general the computed SDs lead to simulated emission lineshapes in
excellent agreement with experiment, once we use the SD of MBV9c for the MBV 94 outlier
pointed out above. Note that in the spectral simulations of PC612 we used the SD values for
DBVs computed for PC577, but this does not impact the emission spectra of this complex as the

DBVs have the higher energies in the complex.



Thus, although the calculated SDs cannot account for the low-frequency part due to the
environmental motions, they provide an efficient and reliable method to estimate vibronic
coupling compared to much more costly MD-QMMM approaches, which usually lead to a
strong overestimation of high-frequency peaks when the MD is based on an approximate
classical force field.'>!"*¥47 A more reliable description consists in performing the MD at the
QM/MM level instead of a purely MM potential,*3*° but then the computational cost associated

to the calculation of SD is drastically increased.
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Figure 2. Spectral densities computed for bilin pigments in the PC577, PC612, PC630 and

PC645 antenna complexes
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Figure 3. Total accumulated reorganization energies as a function of vibrational frequency
estimated from the spectral densities computed for bilin pigments in the a) PC577, b) PC612, ¢)
PC630 and d) PC645 antenna complexes.

3.2 Site energies

In Figure 4 we report the relative site energies for the bilins in the PBP complexes computed
using MD-averaged QM/MMPol values compared with QM/MMPol/ddCOSMO calculations
performed on the optimized geometries of the pigments in the protein scaffold. If we focus on
PC577 and PC612, which only contain PCB and DBV chromophores, the results show a clear
overestimation of the energy difference between these two kind of molecules when the
calculations are based on structures extracted from the MD, whereas the use of QM optimized
geometries leads to much more reasonable relative site energies. Similar systematic deviations
between DBV and PEB pigments were observed previously when applying the same approach
to the PE545 PBP complex.!®!® It seems clear that this problem arises from the use of an
approximate classical force field in the MD, which is expected to lead to different systematic
errors for different kind of pigments. For PC630 and PC645, this issue is further complicated by
the presence of MBV bilins. Regarding DBVs, again the MD-based values are largely
overestimated compared to the PCB energies as found for PC577 and PC612. On the other
hand, MBVs have the largest degree of m conjugation along the tetrapyrrole backbone, and
could thus be expected to be the lowest-lying pigments in these complexes. The use of QM
optimized geometries indeed leads to such result, whereas MD-averaged values lead to MBV
energies in ranges similar to those of PCBs, which could be seemingly ascribed again to

systematic errors arising from the use of MD-derived geometries.

10



Overall, thus, the MD QM/MMPol protocol seems to be rather problematic in order to derive
energy differences for pigments with diverse underlying chemical structure, whereas the use of
QM-optimized geometries looks more reliable. This latter approach, however, suffers from the
neglect of thermal effects. Indeed, whereas the relative energies between DBVs and PCBs
computed in this way look reasonable, those of the MBVs are clearly underestimated in light of
the experimental absorption spectra. Previous calculations based on the crystal structure of
PC645, however, suggested that MBVs lie in between the energies of DBVs and PCBs,*° and
QM/MMPol calculations performed on crystal geometries lead to similar results (data not
shown). Thus, it seems that thermal effects can be particularly important to properly describe
the MBYV properties because of its largest degree of m conjugation among all bilin types. In
other words, thermal fluctuations are expected to distort the m conjugation that is otherwise
exaggerated based on the optimized geometry. Indeed, recent calculations presented by the
Coker group showed similar energies for MBVs and PCBs when QM-opimizations were done
along different conformations of the protein complex sampled along an MD.? Thus, whereas it
seems clear that DBVs populate the high-energy part the absorption spectra of these complexes,
it is difficult from the present simulations to determine the precise relative positions of MBV
and PCB bands.
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Figure 4. Site energies of the pigments in PC577, PC612, PC630 and PC645 computed using
the MD-QM/MMPol and QM/MM/MMPol methods relative to the minimum energy site in the

complex.
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In Figures 5 and 6 we show the absorption (OD), fluorescence (FL) and circular dicroism (CD)
spectra of the PBP complexes simulated using both theoretical approaches compared to
experiments.'*>! As previously discussed, the OD spectra in Figure 5, based on MD-averaged
site energies and couplings, clearly show the overestimated energies for DBVs. In addition,
whereas the relative energies of the PCBs in PC577 look very reasonable, those for the other
PBPs seem to span a range of energies that is too small, leading to a spectrum that is too
narrow. On the other hand, the FL lineshapes are nicely reproduced by the SDs discussed in the
previous section, as emission is not much affected by the relative site energies given that only
populated lowest-lying states contribute to it. The main features of the CD spectra are also

reproduced.

We remind here that PC577 and PC612, as well as PC630 and PC645, share the same pigment
composition, thus spectral changes arise from changes in the amino acid sequence of the protein
complex. In this light, the simulations in Figure 5 are in qualitative agreement with the
displacement of intensity from the high-energy band to the low-energy one when passing from
PC577 to PC612, which seems to arise from a lowering of the energies of PCB2oa and PCBzoc,
located in the a polypeptide chains, whose structure is much more divergent compared to that of
the highly-conserved [ chains, identical in these complexes. A similar qualitative agreement is
found if we compare the spectra of PC630 and PC645. In this case, the low-energy band is
shifted to lower energies in PC645, a trend also qualitatively reproduced by our simulations,
which in this case seems to arise from a stabilization of the MBVioc as well as PCBs;s and
PCBsyp. This suggests that the description of pigment-protein interactions based on the
QM/MMPol method correctly describes this qualitative trends, so the main errors in the
determination of the site energies seem to arise from the problem related to the internal pigment

geometries use for excited-state calculations.
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Figure 5. Experimental and simulated absorption (left), fluorescence (center) and circular
dichroism (right) spectra of the PC577, PC612, PC630 and PC645 complexes (area
normalized). Simulations were done using MD-averaged site energies and couplings computed

from QM/MMPol calculations.
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Figure 6. Experimental and simulated absorption (left), fluorescence (center) and circular

dichroism (right) spectra of the PC577, PC612, PC630 and PC645 complexes (area

normalized). Simulations were done using site energies and couplings computed from

QM/MMPol/ddCOSMO calculations based on bilin optimized geometries.

If we focus instead on the spectral simulations based on QM-optimized geometries shown in

Figure 6, the results for PC612, and especially for PC577, are in reasonable agreement with

experiments, although in this case the intensity shift to lower energies when passing from

PC577 to PC612 is not qualitatively reproduced, because the energies of PCB2oa and PCBya are

not lowered in PC612. Instead, the energies of PCBissg and PCBisgp are slightly increased.

Overall, our MD results indicate an approximate energy ladder PCB;ss < PCBs; < PCBy <

DBVsi61 for PC577 and PC612, whereas results based on QM-optimizations exchange the

lowest energy site for the PCBs»s, and moreover predict a different ordering for the intermediate
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energy site, leading to an ordering PCBs, < PCBiss < PCB2y < DBV5sy61 for PC577 and PCBs; <
PCBy < PCBisg < DBVsi1 for PC612. Thus, it is unclear if the lowest-energy sites on these
complexes are the PCBsg or the PCBjs; bilins.

On the other hand, in the spectra of PC630 and PC645 the lowest-lying pigments are the MBVs
when QM-optimized geometries are used, whereas in MD-based results they show very similar
energies compared to the low-energy PCBs, as found by Coker and co-workers for PC645.%
Moreover, in this case the QM-based approach indicates a similar energy ordering MBV 9 <
PCBg» < PCBisg < DBVsis61 for both complexes, whereas MD-based data estimate rather similar
energies for all low-energy sites: MBV 9 = PCBjss = PCBg, < DBVsy61. Although the spectra
based on QM-optimized structures is too broad, probably owing to the significant
underestimation of MBV energies, the overall shape of the bands due to PCBs and DBVs is in
much better agreement than that obtained from MD-based data. Thus, the energy ordering

MBV 9 = PCBs, < PCBisg < DBVsi61 seems quite likely, once MBVs are shifted up in energy.

Taken globally, the results based on QM-optimized geometries in almost the four systems agree
with the ordering PCBg, < PCBjss < DBVsis61, which seems reasonable as these sites are located
in the highly-conserved B chain. The spectral variability thus seems to arise from the energetic
location of the bilins in the more divergent o chain, which in PC577 and PC612 seems to be in
the middle-energy range (PCBa2oa and PCBaoc), whereas in PC630 and PC645 seem to be in the
low-energy region (MBVi9a and MBVigc). Indeed, the  chains in PC577 and PC612 are

identical. This overall picture further agrees with the recent simulations in the Coker group.?

3.3 Electronic couplings

The spectra of “open” (PC577, PC612) and “closed” form (PC630, PC645) PBPs discussed in
the previous section have a fundamental difference related to the change in quaternary structure.
In PC630 and PC645, the small center-to-center distance (~13A) between central DBV leads to
strong excitonic splitting of the high-energy bands, whereas switch to the “open” form in PC577
and PC612 leads to a larger separation (~19A) that drastically attenuates the coupling between
DBVs, thus leading to mostly localized bands.'* According to previous CIS/cc-pVTZ coupling
estimates based on the transition density cube method, this leads to a change in DBVsosis -
DBVsosip coupling from 647 cm™ in PC645 to 29 cm™ in PC612." The change in quaternary
structure also induced variations in other interdimer couplings, whereas intradimer ones
remained similar. Note here that these values did not include the screening effect exerted by the
environment. Our Coulomb terms based on the crystal structures lead to similar values 515/559
cm! for PC630/PC645 and 19/21 cm™ for PC577/PC612, as reported in Tables S11-S18 in the

Supporting Information. The MD-based values shown in Table SXX are rather similar, except
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for PC577, where thermal effects increase the Vcou value to 67 cm’!, still however much smaller

than the corresponding value in “closed” PBPs.

The Coulomb term however is modulated by the additional environment-mediated term V,,,, in
Eq. 3. Here we included this effect based on the MD-QM/MMPol and QM/MMPol/ddCOSMO
methods. The latter differ from the MD-based values in two important aspects. First, the water
solvent is described through the ddCOSMO continuum model instead of the atomistic MMPol
description used for the protein. In addition, the coupling values are based on the crystal
structure, so the protein is not relaxed like in the MD, a delicate issue that can lead to some
exaggerated polarization interactions and thus induce some noise in the MMPol coupling term.
For these two reasons, we thus consider the MD-based values to be more reliable and we only
focus on those here. For PC630 and PC645, we predict screening factors s equal to 0.60 and
0.50, respectively, for the central DBV pair, slightly smaller than the 0.64 value predicted
previously for PC645 based on a continuum model.” In contrast, the environment leads to a
striking attenuation of the coupling in PC577 and PC612, which screening factors 0.1 and -0.3,
respectively, which correspond to Vi,,,; = 67 cm™ and V,,,,, = -54 em™! for PC577 and Vi, =
23 cm™ and V,,,, = -30 cm! for PC612. Thus, for PC612 the environment-mediated term is
actually larger in magnitude than the Coulomb interaction between the DBVs. This strong
screening effect thus further reduces the coupling in the central DBV pair beyond the increase in
pigment separation, which explains the attenuation of coherence beatings observed for these
PBPs.'* Beyond this unexpected strong screening effect, most other pairs in the PBPs
experience reasonable screening values, as shown in Figure 7. However, some pairs in PC577
and PC612 deviate from the general s~0.5-0.7 trend with s values close to 1 or even larger,
showing a small screening effect or even an enhancement of the coupling mediated by the

environment.
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Figure 7. MD-averaged screening factors derived from QM/MMPol calculations for pigment

pairs in the PC577, PC612, PC630 and PC645 complexes.
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Conclusions

In this contribution we have provided an analysis of the light harvesting properties of four PBPs
from cryptophyte algae, PC577, PC612, PC630 and PC645. We compared two different
theoretical strategies to derive the excitonic Hamiltonian of the system. The first is based
QM/MMPol excited state calculations performed on geometries sampled from classical MD
simulations. We then explored a cost-effective strategy based on multiscale
QM/MMPol/ddCOSMO excited state calculations performed on geometries optimized for the
bilins in the protein scaffolds. Our results indicate that the underlying force field used in the
classical MDs introduce significant systematic errors in site energies predicted for the different
type of bilins DBV, PCB and MBYV. The second strategy based on QM-optimized geometries
gives more reliable energy differences, although the neglect of thermal effects leads to a
significant underestimation of the MBV energies. In addition, we compute the spectral
densities of the pigments using the Vertical Gradient approach, which leads to emission
lineshapes in excellent agreement with experiment. Regarding electronic interactions in the
complexes, our results indicate a drastic screening of the coupling in the central pair of DBVs in
“open” form PBPs, which together with the increased DBV-DBV separation explains the
attenuation of coherence beatings observed for these PBPs. Overall, our results strongly
suggests that these PBPs share a common ordering PCBs, < PCBiss < DBVsi1 of the site
energies for pigments located in the highly-conserved B chain. The spectral variability among
PBPs thus seems to arise from the energy tuning of the bilins in the more divergent o chain,
which in PC577 and PC612 are expected to contribute to the middle-energy region of the
spectra (PCB2oa and PCBaoc), whereas in PC630 and PC645 they contribute to the low-energy
one (MBV9a and MBVgc).

Supporting Information

Tables of reorganization energies, transition dipole moments, coordinates of pigment centers,

site energies and electronic couplings for PC577, PC612, PC630 and PC645.
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3.2.1. Single Amino Acid Mutation Controls Hole Transfer Dynamics in DNA-

Methyltransferase Hhal Complexes.

Resum

La oxidaci6 de certes bases de I'ADN doéna lloc a la formaci6 d'estats cati6é radical,
aquests estats, que s'anomenen “forats” degut a 1'abséncia d'un electrd, poden ser
precursors d'efectes mutagenics en el codi genetic. S'ha observat que aquests
“forats” poden migrar a través de la doble heélix fins a distancies de 200 A en funcié
de la seqiliencia de bases. S'han portat a terme multiples estudis, tant
experimentals com teorics, destinats a entendre els factors que governen aquests
processos de HT. No obstant, recentment, la idea de que aquests “forats” poden
migrar a aminoacids aromatics de proteines que s’uneixen a 1'ADN, protegint aixi
del dany oxidatiu el genoma, ha obert la porta a un nou camp d'estudi encara
inexplorat. El grup de ]J. K. Barton ha observat que en el lloc d'unié a I'ADN de
I'enzim metiltrasferasa Hhal, que durant la seva acci6 enzimatica extreu una base
de la doble helix i inserta en el seu lloc la cadena lateral d'un aminoacid, el procés
de HT es veu alterat en funci6 de la naturalesa de 1'aminoacid inserit. L'estudi ha
revelat que, mentre la unié a la proteina nativa, que inserta la cadena lateral d'un
residu de glutamina, redueix considerablement (42%) el dany oxidatiu en el costat
oposat al punt de generacio del catio6 radical en el lloc d'unié6 amb I'ADN, la uni6 a
una proteina mutant Q237W, en la que la glutamina inserida ha estat substituida
per un residu aromatic de triptofan, manté la preséencia de dany oxidatiu. La idea
principal d'aquest treball és intentar entendre el paper que juga la deformacié
estructural, degut a la inserci6 d'un residu de la proteina, en els diferents
parametres que governen el procés de HT en el complex Hhal. En estudis anteriors
ja s’ha advertit que el procés de HT a través de la doble helix és molt sensible a la
deformaci6 estructural, ja que depén en gran part de I'acoblament electronic, i
aquest esta estretament lligat a 'apilament entre les diferents bases. Per aquest
motiu, s’han combinat simulacions de dinamica molecular, per captar les
fluctuacions estructurals, amb calculs QM/MM de les energies i els acoblaments de
les diferents bases en la seqiiéncia d’'unid a la proteina. Els acoblaments electronics

entre les bases (i les energies dels estats de carrega localitzada) s’han obtingut
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mitjancant el metode de FCD utilitzant un nivell de teoria semiempiric INDO/S.
Posteriorment, s’ha emprat la teoria de Marcus per obtenir les velocitats de
transferencia entre cada parell de bases, i s’ha utilitzat I'algoritme de Kinetic Monte
Carlo per simular el procés global de HT a través de totes les bases compreses dins
de la seqiiencia d'unio. Els resultats obtinguts concorden amb les observacions
experimentals previes i expliquen el mecanisme subjacent. La insercid de la cadena
lateral de glutamina entre les bases de la seqiiencia desestabilitza els estats de les
guanines contiglies alentint el procés de HT a través de la seqiiencia d’unid i per
tant inhibint la presencia de dany oxidatiu a les guanines posteriors al punt
d’insercid. Per contra, la insercié del residu aromatic de triptofan estabilitza els
estats de les guanines contiglies i n‘augmenta I'acoblament electronic, el que es
tradueix en una acceleracié del procés global de HT. D’altra banda, es confirma la
formacié del cati6 radical de triptofan, no obstant, la seva participacié en el procés

de HT sembla alentir el procés global a través de la seqiiencia d'unio.
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ABSTRACT: Different mutagenic effects are generated by DNA oxidation that implies
the formation of radical cation states (so-called holes) on purine nucleobases. The
interaction of DNA with proteins may protect DNA from oxidative damage owing to
hole transfer (HT) from the stack to aromatic amino acids. However, how protein
binding affects HT dynamics in DNA is still poorly understood. Here, we report a
computational study of HT in DNA complexes with methyltransferase Hhal with the aim
of elucidating the molecular factors that explain why long-range DNA HT is inhibited
when the glutamine residue inserted in the double helix is mutated into a tryptophan. We
combine molecular dynamics, quantum chemistry, and kinetic Monte Carlo simulations
and find that protein binding stabilizes the energies of the guanine radical cation states
and significantly impacts the corresponding electronic couplings, thus determining the
observed behavior, whereas the formation of a tryptophan radical leads to less efficient
HT.

harge transport through the DNA base stack has been a inserting a glutamine side chain into the resultant DNA pocket

. . . . 1-5 .
subject of considerable interest in recent years, ~ with (see Figure 1). In the present study we do not address this

possible implications in areas as diverse as carcinogenesis and
. 6 . .
molecular electronics.” It has been shown that radical cation

enzymatic reaction, but rather investigate the molecular factors

states (electron holes) generated in DNA can migrate through that explain the interesting behavior unveiled by the experi-

nucleobases over distances up to 200 A from the initial oxidized
point. This ability of DNA can be employed for redox sensing
and signaling in the genome, as long as it may provide new
insight into the direction of mutations upon oxidative stress.
Extensive studies, both theoretical and experimental, suggest
that long-range HT occurs as a multistep hopping process
between adjacent guanines.””'* Although HT through DNA
strands is well-known, how this process occurs in DNA—
protein systems, where the hole can migrate from DNA to
aromatic amino acid residues protecting the genome, is still
poorly understood.”'"”'> The formation of tryptophan and
tyrosine radicals arising from HT initiated in DNA has been
observed using the flash-quench technique upon the addition of
DNA-bound peptides to ruthenated DNA assemblies.'>"*
Quantum chemical calculations suggest that both electronic
coupling and the driving force of HT between nucleobases and
aromatic amino acids depend strongly on the mutual

arrangement of donor and acceptor sites. 10 Figure 1. (a) Structure of the DNA-Hhal complex considered in this

The Barton group has probed charge migration and radical
trapping in DNA assemblies in the presence of the specifically
bound enzyme methyltransferase Hhal using a combination of

study. Detailed view of the binding mode of the (b) glutamine in the
wild-type system and (c) of the tryptophan in the Q237W mutant.

gel electrophoretic assays and transient spectroscopy.'”'> The Received: August 4, 2015
enzyme carries out an alkylation process after flipping out the Accepted: September 2, 2015

central cytosine of its binding domain 5-GCGC-3" and

v ACS Publications  © Xxxx American Chemical Society 3749

DOI: 10.1021/acs jpclett.5b01683
J. Phys. Chem. Lett. 2015, 6, 3749—3753


pubs.acs.org/JPCL
http://dx.doi.org/10.1021/acs.jpclett.5b01683

Downloaded by PRINCETON UNIV on September 15, 2015 | http://pubs.acs.org
Publication Date (Web): September 8, 2015 | doi: 10.1021/acs.jpclett.5b01683

The Journal of Physical Chemistry Letters

ments performed in the Barton group. Such experiments
indicated that binding of the wild type (WT) enzyme decreases
long-range oxidative damage at distal 5'-GG-3’ sites substan-
tially, by 42%. In contrast, distal oxidative damage was retained
in a Q237W mutant, which inserts a tryptophan (W) side chain
instead of a glutamine (Q) within the DNA 7z-stack.'" These
studies also revealed the involvement of both guanine and
tryptophan radicals in the process through detection of
transient spectroscopic signals, and gel electrophoresis experi-
ments indicated considerable oxidative damage at the G 5’ to
the W inserted amino acid, suggesting a stabilization
mechanism of the G cation state due to stacking with the W
reminiscent of the stabilization of 5'-GG-3" motifs.">

In order to establish the microscopic basis for the observed
HT behavior, here we combine classical molecular dynamics
simulations with INDO/S quantum mechanical calculations of
HT energetics and electronic couplings in the binding domain
(see Figure 2), to explore how the interaction of the DNA

a)
¥—C—G—X—G—5
§¥—G—C—G—C—3

©

Binding domain

Figure 2. (a) Binding domain of the DNA stack in the DNA-Hhal
complex. (b) Structure of the model system, which includes the
nucleobases in the binding domain (except the X abasic site) plus the
Q (wild-type) or W (Q237W mutant) residues inserted into the DNA
pocket.

duplex with the wild-type (WT) or mutant enzyme affects its
HT properties. This approach allows a realistic description of
the effect of structural fluctuations on the HT parameters,'’
which are strongly dependent on the arrangement of donor and
acceptor. We use Marcus theory and a Kinetic Monte Carlo
(KMC) scheme to estimate HT rates and various pathways
along the binding domain of both assemblies. In Figure 3 we
show the HT reactions included in the simulations of the

/

KMC scheme

Figure 3. Scheme of relevant pathways and states included in the
Kinetic Monte Carlo simulations of the HT dynamics.

3750

overall HT kinetics. Our results indicate that protein binding
strongly affects the HT characteristics of DNA. In particular,
the modulation of G site energies and electronic couplings are
responsible for the observed HT behavior, whereas the
formation of a W* radical leads to less efficient HT.

It is well-known that the HT properties of DNA are highly
sensitive to disruptions of the z-stack. In Hhal-DNA
complexes, the local structure of the DNA in the binding
domain is significantly distorted."®"” In the DNA—protein
assemblies we address, the presence of an abasic site X, i.e., the
absence of a nucleobase attached to the sugar, can further
impact conformational changes within the 7-stack. In order to
understand the impact of these two effects in the HT dynamics,
we have performed MD simulations on the DNA and DNA-X
systems, as well as on the DNA-X system bound to the WT and
Q237W mutant Hhal enzymes. Our results indicate that the
structural parameters of the double helix change significantly
upon the protein binding and the presence of the abasic site.
Earlier, it was suggested that in contrast to the WT protein, the
Q237W mutant, retains long-range oxidative damage at distal
5’-GG-3' sites because the inserted W fulfills the 7-gap in the
DNA stack by adopting a stacked configuration relative to the
nucleobases.'”'> Our simulations confirm this hypothesis and
indicate that W and G; compete for the abasic site space, as
shown by the degree of insertion shown in Figure 4. We define
the degree of insertion as the ratio between the distance among
upper and lower stacked guanines and the sum of the distances
among the inserted amino acid side chain and such guanines.
Thus, this value ranges from 0 to 1, the latter indicating
complete insertion of the amino acid in the z-stack (see

a)

— W
q Gs

Insertion

1 T T T T T T T T
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Simulation time (ns)
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Figure 4. Degree of insertion of (a) W/G; and (b) Q/G; residues
between the G, and G, sites in the Q237W and WT assemblies,
respectively (see text for details).
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Q237W systems. The most frequent HT pathways according to KMC simulations are indicated by arrows.
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Figure 6. HT rates obtained from the Kinetic Monte Carlo simulations corresponding to the reference DNA stack, the DNA-X with an abasic site,
and the DNA-X bound to the WT and Q237W Hhal protein.

Table 1. Time Constants for the G, - G, HT Transfer and the Contribution of Preferred Pathways in the Studied Systems

DNA DNA-X WT Q237W

7 (ns) 241 0.71 178 022 39.2¢
G1G2G3G4 (2%) G1G2G4 (54%) G1G3G4 (1%) G1G2G4 (90%) GIWGH4 (26%)"

“Total time and corresponding pathway in Q237W including all possible forward/backward HT reactions involving W.

Supporting Information for further details on the structural overall picture for HT in the Q237W mutant reminds that
analysis). observed for the unbound DNA-X system. Compared to the
Regarding the impact of the abasic site and protein binding WT complex, in Q237W both G, and G sites are stabilized due
on the parameters determining the HT behavior, we find that to the insertion of the stacked tryptophan, thus recovering the
the formation of the abasic site in the DNA stack increases V,, fast HT toward the final G, site in the binding domain.
and V4 couplings, which change from 7 to 15 meV and from Moreover, the mutation of the inserted Q residue to W
~8 to ~66 meV by passing from DNA to DNA-X. This enhances strongly the couplings between guanine sites, as
dramatic change arises from the displacement of G; allowing a shown in Table S1, due to the superexchange interaction of the

better stacking between guanines G; and G, (see Figure S9 in nucleobases mediated by the W residue.
Supporting Information). The conformational changes also In the mutant, W237 may act also as an intermediate state in
significantly destabilize the radical cation state of G; in contrast the HT process. Our additional simulations performed on
to the DNA, where all sites have similar energies. When, single guanine and tryptophan in water predict that a correction
however, the DNA-X helix binds the WT Hhal protein the of —0.61 eV to the INDO/S energy of the W state should be
insertion of the Q residue in the z-gap precludes the applied to reproduce the data derived from experimental
rearrangement of Gj site and thereby leads to a dramatic oxidation potentials at neutral pH.”> The correction has been
attenuation of V,, and V3, (2 and 4 meV). Also, the V,; applied in the simulation of HT within the Q237W complex.
coupling decreases from 31 to 12 meV. The energies of the G, In Figure S we show the preferred pathway for HT estimated
and G, hole states are destabilized compared to the other sites from the KMC simulations for each system, which include the
(see Figure S) causing a potential inhibition of long-range pathways illustrated in Figure 3 (more details are provided in
oxidative damage as observed experimentally. Interestingly, the Figures S11—S12). The rates for the individual HT steps and
3751 DOI: 10.1021/acs jpclett.5b01683
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the overall process in each system are presented in Figure 6.
Due to a small energetic disorder among guanines in the DNA
system, no particular pathway is preferred, and most transfer
steps occur with a time constant, i.e., the inverse of the rate, of 7
~ 1 ns, leading to the overall HT time of ~2.4 ns (Table 1). In
the DNA-X system, the G,G,G, pathway is preferred in 54% of
the KMC realizations, due to the G; site destabilization.
However, a better stacking between guanines G; and G, leads
to stronger electronic couplings in the binding domain resulting
in faster overall HT with a characteristic time of ~710 ps.

The binding of DNA-X to the Hhal complex further
modulates its HT dynamics. Binding to the WT enzyme, which
destabilizes the G, site and attenuates V,, and Vj,, leads to
much slower hopping rates from G,/G; to G, (7 = 94 and 124
ns), resulting in a longer overall HT time of 178 ns. Because of
the relatively close energies of G, G,, and Gg, a variety of paths
contribute to the transfer in this case, the G;G;G, one being
slightly preferred due to the lower energy of G; compared to G,
(see Supporting Information). In Q237W, we can separate the
impact of the binding into two effects: (1) modulation of site
energies and electronic couplings change the rate of individual
hopping steps, and (2) new pathways appear that imply the
formation of W*. The insertion of the tryptophan clearly
destabilizes the Gj site, but it strongly mediates all couplings
involving G,, G;, and G, If we simulate the overall HT kinetics
excluding the eventual formation of W*, the path G,G,G, is
preferred in 90% of the realizations, and the overall HT process
becomes much faster (r = 220 ps). Transient absorption
experiments, however, confirm the participation of the W* state
in the hopping process,12 so the eventual formation of W*
needs to be included in the simulations. In this case, our KMC
simulations indicate that the G,WG, pathway is preferred in
26% of the realizations, in agreement with experiments.

Here it is worth noting that gel electrophoresis experiments
indicated that G, is a better trapping site than G,, in accord
with results found for the 5-G,WG,-3' sequence.'” Our
simulations rather predict a slightly higher energy for G,
However, some damage was also experimentally observed in
the G, site, suggesting that the site energies of G, and G, are
comparable, in accord with our simulations. So, the insertion of
the stacked tryptophan at the sequence 5'-G,WG,-3’ stabilizes
the G, and G, sites compared to the WT system (Figure $).
This effect is similar to that observed in 5'-GG-3’ or 5'-GGG-3’
motifs, where the electrostatic interaction with neighboring GC
pairs stabilizes a hole trap.”** In contrast, only minor damage
at G, and no damage at G, is observed in the WT complex in
agreement with the predicted destabilization G, and G,. We
note here that these experiments only assessed the oxidative
damage in the labeled strand carrying the G, and G sites.

Because the energy of the W is predicted to be considerably
lower than those of the guanine sites, its participation in the
hopping process leads to a trapping effect, which slows down
the G, — G, transfer, leading to an overall HT time of 39 ns.
As mentioned above, in this case the preferred path through the
binding domain is G,WG,. This estimate still describes a
significantly faster HT process in the Q237W mutant compared
to the WT enzyme, in agreement with experimental
observations.

We conclude that structural deformation of the DNA stack
upon protein binding strongly affects its HT characteristics.
The Q residue inserted in the z-stack in the WT enzyme
destabilizes neighboring guanine sites (G 3’ and G 5’ to Q) and
thereby inhibits the long-range oxidative damage, in accord
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with experimental findings. In contrast, the HT is estimated to
be quite fast in a complex of the Q237W mutant where W237
stabilizes hole states on the adjacent G bases and enhances the
electronic coupling of these sites. An alternative HT pathway
that implies the formation of a W' radical also occurs in
agreement with recent transient absorption experiments.
However, it is found to slow overall HT dynamics along the
DNA stack. Overall, our study provides a consistent molecular
picture on how long-range HT in DNA is controlled by the
nature of amino acid closely interacting with the nucleobases in
DNA/Hhal complexes.

B COMPUTATIONAL METHODS

We have performed extensive MD simulations at room
temperature (300 K) of the DNA Ru-1 duplex described in
ref 12, both including or not the abasic X site (DNA and DNA-
X systems), as well as for the complex of DNA-X with the WT
and Q237W mutant enzymes and a single guanine nucleobase
and a tryptophan in water solution (see Supporting
Information for a detailed description of the simulations). In
the synthetic DNA-X system, the abasic site did not contain any
nucleobase attached to the sugar. Because of the considerable
size of the system studied, quantum-chemical calculations on
the model system illustrated in Figure 2 were performed using
the semiempirical INDO/S method™ on 1000 structures
extracted along the MD trajectories. The INDO/S method
has been shown to provide a reliable description of HT energies
and electronic couplings of stacked nucleobases using Koop-
mans’ approximation by comparison to high-level CASPT2
calculations, especially in the calculation of electronic couplings
as compared to other semiempirical approaches.”* However,
our results indicated that it systematically overestimates the
tryptophan radical cation state energy, which was corrected a
posteriori based on the experimental one-electron oxidation
potentials of guanine and tryptophan (see Supporting
Information for details). Electrostatic embedding effects exerted
by the environment, including protein, DNA, solvent, and
counterions, were considered adopting the charges as defined in
the force field used for the MD simulations.”>~*’ For structures
of the WT and Q237W mutant systems, the hole states on the
G sites and the W were represented by four and five highest-
occupied molecular orbitals (HOMOs) of the neutral species
(HOMO — HOMO-3/HOMO—4), respectively. HT cou-
plings between the states were estimated using the Fragment
Charge Difference method (FCD).”® From these calculations,
HT rates were estimated for all forward and reverse HT
reactions using Marcus theory. Finally, the effective rates and
the paths for the overall HT processes G, to G, for each system
were simulated using a Kinetic Monte Carlo algorithm.”” In the
KMC simulations, HT occurs in a stochastic manner, and the
probability to find the hole in a given site is reproduced by
averaging over multiple realizations. In some cases, like in the
DNA and WT systems, the similar energies of several sites leads
to multiple back and forth transfers of the hole among the sites,
thus leading to many pathways that ultimately transfer the hole
to the final Gy site, as illustrated in Figures S11 and S12 in the
Supporting Information. Further details on the methodology
adopted and the analysis of structural and energetic parameters
are provided in the Supporting Information.
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CAPITOL III

3.2.1. How Abasic Sites Impact Hole Transfer Dynamics in GC-rich DNA

Sequences

Resum

L’excisi6 d’'una base de la seqiiencia d’ADN es un procés que té lloc centenars de
vegades al dia en una cel-lula humana. Aquest procés pot tenir lloc de manera
espontania o degut a agents fisics com ara la radiacié UV o Y. Generalment, les
seqiiencies que contenen posicions abasiques, degudes a la excisi6 d’una base,
tendeixen a adoptar conformacions fragils i inestables. Les cel-lules estan
equipades amb sofisticats mecanismes de reparacio, entre ells, 'anomenat BER
(base excision repair), per tal de prevenir la proliferacié de defectes citotoxics.
Aquest mecanisme de reparacid sol iniciar-se mitjang¢ant la formacié d’'una posicid
abasica a través de 'accié de I'enzim ADN glicosilassa sobre la base danyada. El
monitoratge electroquimic a través de canvis en les propietats CT degut a la
creacio de posicions abasiques és un dels processos més emprats per a I’estudi dels
diferents passos involucrats en el procés de reparacié de ’ADN, ja que aquest tipus
de lesions solen alentir el procés CT global a través de la seqiiéncia. D’'altra banda,
la modulaci6 de les propietats CT degut a la formacid de posicions abasiques també
té aplicacions importants en la sintesi de biosensors. Ara bé, tant la seqliéncia de
bases com la naturalesa de la base desaparellada tenen un impacte important en
les diferents conformacions que poden adoptar. S’han portat a terme multiples
estudis, tant experimentals com teorics, amb l'objectiu de relacionar la naturalesa
de la seqiiencia i de la base desaparellada amb els diferents canvis conformacionals
observats. La idea principal d’aquest treball és, en primer lloc, realitzar un estudi
conformacional de diferents sistemes model de 15-mer poliG i poliGC, en els que
s’ha escindit la base central, ja sigui una guanina o una citosina, per tal de
contrastar els canvis estructurals observats amb estudis previs basats en RMN. En
segon lloc, es vol investigar I'impacte d’aquestes diferencies conformacionals en el
procés global de transferéncia de carrega. Per fer-ho, s’han combinat simulacions
de dinamica molecular, per tal de captar els diferents canvis conformacionals, amb
calculs QM/MM de les energies i els acoblaments electronics entre les bases en una

seqiiencia central de cinc parells de bases. Els acoblaments electronics entre les
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bases (i les energies dels estats de carrega localitzada) s’han obtingut mitjancant el
metode de FCD utilitzant un nivell de teoria semiempiric INDO/S. Posteriorment,
s’ha emprat la teoria de Marcus per obtenir les velocitats de transferencia entre
cada parell de bases, i s’ha utilitzat I'algoritme de Kinetic Monte Carlo per simular
el procés global de HT. Els resultats obtinguts a partir de les simulacions de
dinamica molecular concorden amb els diferents estudis de RMN previs, en que
I'estructura global de la doble helix es manté, de manera que la majoria de
processos de transferencia es veuen alentits degut a 'abséncia d’'una base en la
seqiiencia. Ara bé, en les seqliencies en que la base desaparellada és una citosina
flanquejada per citosines, aquesta sol adoptar conformacions fora de la doble helix,
desestabilitzant I'energia dels diferents cations radicals i reduint-ne I'acoblament.
Tots aquests factors, fan que el procés global de HT a través d’aquestes seqliéncies
tingui un comportament asimetric, ja que el procés de HT de 5’ a 3’ a través de la
cadena de guanines es veu alentit con en la majoria de sistemes, mentre que el
procés invers de 3’ a 5’ es manté similar a la seqiiencia sense lesions. Per tant, s’ha
de tenir especial cura amb les seqiiencies que puguin adoptar conformacions fora
de la doble helix per al seu is com a biosensors, o en el monitoratge electroquimic

de processos de reparacio de I'’ADN.
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How abasic sites impact hole transfer dynamics in GC-rich DNA
sequences

Marina Corbella®, Alexander A. Voityuk™®", and Carles Curutchet®"

Changes in DNA charge transfer properties upon the creation of apurinic and apyrimidinic sites has been used to monitor
DNA repair processes, given that such lesions generally reduce charge transfer yields. However, because these lesions
translate into distinct intra and extrahelical conformations depending on the nature of the unpaired base and its DNA
context, it is unclear the actual impact of such diverse conformations on charge transfer. Here we combine classical
molecular dynamics, quantum/molecular mechanics (QM/MM) calculations and Kinetic Monte Carlo simulations to
investigate the impact of abasic sites on the structure and hole transfer (HT) properties of DNA. We consider both apurinic
and apyrimidinic sites in polyG and polyGC sequences, and find that most situations lead to intrahelical conformations
where HT rates are significantly slowed down due to the energetic disorder induced by the abasic void. In contrast, the
presence of an unpaired C flanked by C bases leads to an extrahelical conformation where stacking among G sites is
reduced, leading to an attenuation of electronic couplings and a destabilization of hole states. Interestingly, this leads to
an asymmetric HT behavior, given that the 5’ to 3’ transfer along the G strand is slowed down by one order of magnitude
while the opposite 3’ to 5’ transfer remains similar to that estimated for the reference polyG sequence. Our simulations
thus suggest that electrochemical monitoring of DNA repair process following changes in charge transfer properties can

miss repair events linked

1. Introduction

The loss of a purine or pyrimidine base in DNA, resulting in the
creation of an abasic site, is one of the most frequent DNA
lesions, with a ratio of formation reaching thousands of times
per day in a human cell.! Abasic sites are formed by
spontaneous or enzymatic hydrolysis of the N-glycosidic
bond,z_4 by chemical modifications of nucleic bases, or by
physical agents like UV or y radiation.? Events leading to abasic
sites often involve guanines, and the structure and stability of
G-rich quadruplex-forming DNA sequences, for example, has
been shown to be strongly affected by such defects.”® In
general, sequences containing abasic sites can adopt unusual
conformations, making them fragile and susceptible to
breaks.”*° Luckily, cells are equipped with an elaborate repair
machinery to neutralize the proliferation of cytotoxic and
promutagenic defects. Among such repair mechanisms, base
excision repair (BER) starts with the formation of an abasic site
due to the excision of a damaged or mispaired nucleobase by
the action of a DNA glycosilase.u'12 The process then continues
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to abasic sites adopting extrahelical conformations.

with the recognition of the abasic site by an
apurinic/apyrimidinic (AP) endonuclease™™ and finishes with
the replacement of the missing nucleotide. The study of the
different steps involved in the repair process is crucial and may
have vast consequences in cancer research.

On the other hand, there is a growing interest in the synthetic
incorporation of abasic sites due to its application to the
development of biosensors. Abasic site biosensors have been
used to detect analytes using fluorescent and electrochemical
probes by selectively binding to the unpaired nucleobase,™*®
while electrochemical monitoring of DNA repair processes is
also possible following the change on the charge transfer (CT)
properties associated with the creation of abasic sites.”’
Indeed, the CT properties of DNA have been found to be
strongly sensitive to the presence of abasic sites, which in
general lead to a decrease in the CT yield.m"19 How abasic sites
modulate CT kinetics on DNA duplexes, however, has been
only briefly explored.20 Many electrochemical studies, for
example, have used abasic sites as a brake for the CT process.
The Slinker group proved the DNA repair function of two DNA
glycosylases

monolayer after and before the damaged base excision,

by measuring the current though a DNA

showing a substantial decrease in redox signal after the
formation of the abasic site."” This group also demonstrated an
attenuation of the CT yield in the presence of an abasic site in
a 17-mer AT-rich duplex.20 Given the well-known dependence
of CT properties on DNA sequence,
nucleobase is expected to directly modulate CT rates and

the absence of a
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Fig. 1 Sequences of the duplex DNA systems considered (left) and corresponding Kinetic Monte Carlo schemes (right) used to simulate hole transfer dynamics. Nucleobases

enclosed in the boxes were included in the quantum-mechanical region in QM/MM calculations.

pathways. However, the unusual conformations induced by
the defect can lead to concomitant changes in the CT
parameters (site energies and couplings) of proximate
nucleobases, thus indirectly modulating CT kinetics. Indeed, a
variety of studies indicate that the unpaired nucleobase can
adopt intra and extrahelical conformations, depending on the
nature of the unpaired base and its context in the DNA
sequence.”

In this study, we combine classical molecular dynamics (MD)
simulations with semiempirical INDO/S quantum/molecular
mechanics (QM/MM) calculations to investigate how an abasic
site influences the structure and hole transfer (HT) kinetics of
six model GC-rich DNA duplexes. In particular, we investigate
the impact of a guanine (G) or cytosine (C) deletion in 5’ -GXG-
3’ and 5’-CXC-3’ contexts and compare our results with the
analogous unmodified DNA 15-mers. We aim at understanding
how these defects distort the double helix structure, the site
and couplings the proximate
nucleobases, and the overall HT process, depending on the

energies electronic of

DNA sequence. Our results indicate that in situations where
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the unpaired nucleobase adopts intrahelical conformations,
the overall HT process is slowed down by ~1-2 orders of
magnitude. However, unpaired C adopts an
extrahelical conformation the transfer becomes similar to the
reference DNA in the 5 to 3’ transfer direction along the G
strand, but it is slowed down by 1 order of magnitude in the
opposite direction, thus introducing a preferential route for
oxidative damage.

when an

2. Methods

2.1 MD simulations

MD simulations at room temperature (300 K) were performed
for the six 15-mer DNA duplexes shown in Fig. 1. These
systems represent polyG and polyGC central sequences where
either a G or a C base has been deleted leading to an abasic
site. The sequences were capped with GCGC moieties to keep
base pairing in the ending regions and thus prevent strand
inppage.34 We adopted the prototypical abasic site,

This journal is © The Royal Society of Chemistry 20xx



tetrahydrofuran (X). MD simulations were performed starting
from standard B-DNA fiber geometries created using the NAB
module of the Amberl2 software,35 eventually modified in
order to delete a C or G nucleobase and generate the abasic
site. The systems were neutralized adding Na+ ions®® and
solvated in a truncated octahedron box of TIP3P water (buffer
region 14 A). Two sets of simulations were run either adopting
the parmbscO37 and the recently developed parmbscl38 force
fields for DNA, the latter introducing some improvements, for
example, related to terminal fraying. The
tetrahydrofuran residue was modelled using parmbscO and
parmbscl parameters for the phosphate and sugar moieties,
the latter capped with a hydrogen, which charge was adjusted
to give a global charge of -1. The solvent and counterions
where first energy minimized during 1000 steps, followed by
2500 steps of further minimization of the full system. Then,
the systems were gradually thermalized up to 300 K during 200
ps with weak constrains in the nucleic acids (10 kcaI/mqu&Z),
followed by 200 ns production runs at 1 bar. For the GX’
system, production runs were extended up to 350 ns. All
simulations were done using the Amber 12 suite of programs35
using an integration time step of 2 fs, the SHAKE algorithm to
restrain bonds involving hydrogen, periodic boundary
conditions, the Particle Mesh Ewald approach, and a
nonbonded cutoff of 10 A. For each system, we extracted a
total of 1000 structures at equal intervals from the last 100 ns
of MD trajectories to be used as input in QM/MM calculations.
In addition, we performed a cluster analysis based on the root-
mean square deviations (RMSD) along the last 100 ns of
trajectory. From this analysis, a representative structure for
each system was extracted from the most populated cluster.

excessive

2.2 QM/MM calculations

QM/MM calculations were performed using the semiempirical
INDO/S method on the structures extracted from the MD
trajectories. Application of Koopman’s approximation using
this method has been shown to provide a reliable description
of CT energies and electronic couplings of stacked nucleobases
compared to high-level cASPT2.* In all cases the QM region
included the 7 base pairs in the central region of the duplex
(excluding the sugar and backbone atoms), as indicated in Fig.
1, where the C1’ atom of the sugar unit was replaced by a
hydrogen atom with a 1.08 A bond length. Electrostatic
embedding effects exerted by the environment (DNA, solvent,
and counterions) were considered adopting the charges as
defined in the force field used for the MD simulations. Hole
states associated to the G sites in each duplex were
represented by six or seven highest-occupied molecular
orbitals (HOMOs) of the neutral species (HOMO — HOMO-
5/HOMO-6), while CT couplings were estimated using the
Fragment Charge Difference method (FCD):*°

(E2—E1)|Aqq,|

J(Aql—Aq2)2+4Aq%2

Vpa = (1)
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For hole transfer (HT), adiabatic splittings E, —E; were
estimated using the one-electron energies of the HOMOs of
neutral systems. In Eq. (1), Agq,; and Ag, are the difference of
hole charges on the donor and acceptor sites in the adiabatic
states of interest and Aq,, is the corresponding off-diagonal
term. The calculation of these quantities and the underlying
. . . . . . 40,41
approximations are described in previous studies.

2.2 Hole transfer kinetics

HT rates for the forward and reverse reactions shown in Fig. 1
were estimated using Marcus theory:

1 e~ (A+AG®)?/42kpT 2)

1/4-77.'](37"1

21
kur =7|V|2

The driving force of the HT reaction (AG®) was estimated from
the energy difference in donor/acceptor ionization potentials,
and the reorganization energy (1), which includes internal and
solvent terms, was assumed to be 0.7 eV in all cases.”? The
latter value is a compromise between an experimental
0.6+0.1 eV derived for hole transfer in
oligonucleotides43 and values ~ 0.8-1.5 eV obtained in several
computational studies.**™® Whereas a different choice of A
would change the absolute HT timecales we predict, the
relative HT rates between standard DNA and the analogous
sequences including an abasic site are more robust and
essentially unaffected by the value of A. All rates were
computed using the energies and squared couplings averaged
over the MD trajectories.

The effective rates corresponding to the overall HT process G,
— G5 and G5 — G; were simulated using a Kinetic Monte Carlo
(KMC) algorithm.47 HT rates were used to generate a
cumulative probability distribution function (CPD) for each
possible step. This function is associated with a transition j —
n according to Eq. (3), where Y, ki, is the sum of transfer
rates from the same origin i.

estimate

Ip=1ki
CPDl(n) = —me;imp (3)

The Monte Carlo hopping algorithm consists of the following
steps: 1) Compute the CPD function for each allowed transfer.
2) Start at a given site i (G, or Gs), choose a random number 0
<ry <1 and hop to site j, where CPD;; 2 r; > 0. 3) Compute the
waiting time t,, at site i, generating a new random number 0 <
r, <1 as t, =—(n()/Xmkim). 4) Choose a new random
number and repeat steps 2 and 3 recording the total
accumulated waiting time. 5) Stop if the final site has been
reached or if the total time exceeds a fixed value t,.,. For each
system, we averaged HT times over 10° realizations of the KMC
algorithm.

3. Results and discussion
3.1 DNA structure
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Fig. 2 Positional root-mean square deviations of DNA duplexes along MD trajectories:

The impact of abasic sites on the structure and flexibility of
DNA has been investigated both using theoretical models and
NMR spectroscopy.u_33 The bulk of these studies indicate that
the overall B-DNA structure of the duplex is maintained in the
presence of an abasic site. However, the lesion increases
structural flexibility and the local conformation of the unpaired
base depends on its nature and its sequence context. Thus,
purine unpaired nucleobases adopt intrahelical
conformations that preserve m stacking, pyrimidines stack
poorly and tend to be extrahelical, although intrahelical
conformations have also been identified when the pyrimidine
is flanked by two guanines. Thus, it is important to assess the
reliability of the structural models obtained here from MD
simulations before investigating the impact of abasic sites on
hole transfer dynamics.

In Fig. 2 we show the positional RMSD of the DNAs computed
with respect to the initial B-DNA structure along the MD
simulations performed using either the parmbscl or the
parmbscO force fields. In all cases, neglecting terminal base
pairs only lead to minor variations in RMSD values, indicating
that terminal fraying was small. If we focus on the standard
DNA sequences without the lesion (G and GC systems),
simulations performed using the refined parmbscl potential
leads to RMSD values ~1 A lower than those obtained using
the parmbscO, thus keeping the structures closer to the initial
B-DNA. The presence of an abasic site (GX, GX’, GCX and GCX’
systems) also leads to differences in the structures described
by both force fields, again with parmbscl displaying more
stable structures characterized by lower RMSD values.

For the GCX system, both force fields lead to similar
intrahelical position for the unpaired guanine site, as shown in
Fig. 3, with the sugar of the abasic site flipping in and out of

whereas
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in accord with NMR data and theoretical
21,23

the duplex,
simulations performed for an unpaired G in the same CGC
or similar CGT contexts.>> When the unpaired guanine is
flanked by other G bases (GX system), both force fields again
predict intrahelical conformations, in accord with previous
studies of unpaired guanines in GGG®* or GGA sequences.24
In this case, however, the simulation performed using
parmbscl shows a strong disruption of the Watson-Crick
hydrogen bonds between the G, and C, base pairs adjacent to
X, with the unpaired G; and C, forming non-Watson-Crick
hydrogen bonds. This pattern is also briefly exchanged with
similar interactions between G5 and C, (the base 5’ to X). The
observation of this interaction between the unpaired base and
a nucleobase adjacent to X agrees with previous predictions
for this GGG sequence23 and was also observed for an
unpaired cytosine in a GCA context.”® In a recent study, NMR
and constrained MD simulations also pointed to such non-
Watson-Crick pattern for the same GGG sequence when a 2'-
deoxyribose abasic site was considered, whereas, for its
chemically stable analogue tetrahydrofuran, as used here, the
standard Watson-Crick pattern was kept.33 We note however
that the sequence of the DNA in that study differs from the
one considered here and contained also an additional 8-
oxoguanine lesion.

On the other hand, when the unpaired site is a cytosine in a
GCG context (GCX’ system) the parmbscl potential describes a
stable intrahelical conformation, in agreement with previous
predictions,23 whereas parmbscO leads to both intrahelical and
extrahelical conformations characterized by large distortions
of the overall stacking pattern. Intrahelical conformations have
previously been observed for an unpaired C in a similar GCA
context®® or for an unpaired T flanked by guanines.27
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Fig. 3 Representative structures of DNA duplexes extracted from MD simulations based on the parmbsc1 force field: a) G, b) GX, c) GX’, d) GC, e) GCX and f) GCX'.

Finally, when the unpaired cytosine is located in a CCC
sequence (GX' system), both force fields initially predict a
stable intrahelical conformation. However, with the parmbscl
potential at ~180 ns, the orphan base C; flips out of the helix,
which collapses allowing the flanking bases to stack. More in
detail, the carbonyl group of the extrahelical C; establishes a
hydrogen bond with the amino group of C,, which keeps its
Watson-Crick hydrogen bonds with G, thus leading to a triplex-
like G;:C,:C3 structure, in which the G4:C4 base pair is mainly
stacked with the C,:C;3 pair. Extension of the simulations for a
total of 350 ns confirmed the stability of this conformation, in
agreement with previous NMR data® and theoretical
predictions23 pointing out to such extrahelical configuration.

This journal is © The Royal Society of Chemistry 20xx

Overall, our analysis indicates that the parmbscl force field
leads to more stable structures that nicely agree with previous
theoretical and experimental data on the intra and extrahelical
position of the unpaired nucleobase.”* > Moreover, in Fig. 4
we show a superimposition of the backbone of the DNA
duplexes studied, indicating that the abasic site in the GX, GX’,
GCX and GCX' duplexes does not alter the global B-like
conformation, in accord again with previous studies. Thus the
description of the structural impact of abasic sites seems to be
quite robust when the refined parmbsc1l force field is adopted,
and in the following, we use the trajectories sampled with this
potential to investigate the impact of these lesions on hole
transfer dynamics.
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Fig. 4 Backbone overlay of representative structures of DNA duplexes extracted from
MD simulations based on the parmbscl force field. a) G (black), GX (orange) and GX’
(green), b) GC (black), GCX (orange) and GCX’ (green).

3.2 Charge transfer kinetics

HT in DNA is known to be rather sensitive to structural
deformations of the double helix, especially those modifying
the degree of stacking between nucleobases. We have thus
computed the energies of the hole states as well as the
corresponding HT couplings for the guanines located in the
central regions of the duplexes, as shown in Fig. 1, in order to
investigate how this lesion affects HT dynamics. In Fig. 4 we
show schematically the relative energetic ordering of the
different guanine sites in each system, whereas in Table 1 we
report the energy differences among sites and the

a) A - (G
m— GX
m GX'
0.1== —
0| e — —
Gl
-0 1 62 G3 G4 G5

corresponding electronic coupling parameters and HT times.
Based on the HT times for individual transfer steps, we then
used KMC simulations to simulate the overall HT times
reported in Table 2. We simulated both forward and backward
processes, starting from G; and recording the time needed to
reach Gs or the inverse transfer process.

In the absence of any lesion, the HT transfer process in the GC
system follows several pathways involving both intra and
interstrand hops, given the relatively similar energies and
electronic couplings involved, although interstrand hops are
slightly favored. In this case, the overall forward (G, — Gs) and
backward (Gs — G;) times are ~2 ns. In the G system the
transfer only involves intrastrand hops, characterized by much
larger electronic coupling values ~100 meV, thus leading to a
faster transfer with times 0.2 and 0.04 ns for forward and
backward processes.

In the polyGC sequence, the presence of the abasic site (GCX
and GCX’ systems) does not lead to major structural changes in
the double helix, as shown in Fig. 3, with the unpaired base
adopting an intrahelical conformation. In the GCX’ sequence,
indeed, the electronic couplings relevant for the HT process
(Vi2, Vo4 and Vys5) remain very close to the GC reference
system, and the main impact of the lesion is a significant
stabilization ~150 meV of G; with respect of G,. This
stabilization slows down hops from G, to the neighboring sites,
and together with the lack of the intermediate G; leads to a
slower overall time of ~300 ns compared to the GC duplex.

In the GCX system, in contrast, the unpaired Gz is partially
displaced toward the abasic site void (see Fig. 3), leading to a
better stacking with G, and G4 which increases V,3; and V3,
interstrand couplings from 9 to 21 meV and from 24 to 32
meV, respectively, as found previously for a similar
sequence.48 On the other hand, V,, decreases from 8 to 2 meV,
because in this case there is no C; mediating the coupling
between G, and G,. In this case, however, the abasic site

b) A [ == cc

mem GCX
e GCX'
0.1 ==
0 I I
Gl I
014 —
[— G3 G4
G2 G5

Fig. 5 Representation of the energies computed using QM/MM calculations for the radical cation states localized on guanine sites. a) G, GX and GX’ systems, b) GC, GCX

and GCX’ systems.
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induces an important destabilization of the hole states on G3
and Gy. Thus, although interstrand couplings are enhanced
compared to the reference GC system, the HT process is again
considerably slower with total times ~100-150 ns due to the
larger time needed to access those sites.

Table 1. Electronic couplings, free energy differences and forward and backward HT
times computed for the DNA sequences.

Table 2. Overall hole transfer times computed using Kinetic Monte Carlo simulations for
G; — Gs and Gs — G, transfers.

T (ns) G GX’ GX GC GCX’ GCX
Gl —=G5 0.21 1.84 2.73 2.20 282.93 104.70
G5—G1 0.038 0.023 2.71 1.74 302.95 149.26

V (meV) AG (meV) 77 (11S) 75 (11S)
GC
G, -G, 24 -80 1.9x10% 0.42
G: - Gs 10 -100 6.9x107 3.39
G, - G; 9 -18 0.40 0.82
G- Gy 8 7 0.83 0.64
G;- Gy 24 21 0.12 5.4x107
G; - Gs 11 69 1.60 0.11
G, - Gs 10 54 1.33 0.17
GCX
G, -G, 22 -119 1.1x10% 1.13
G, - G; 6 123 15.59 0.13
G, - G; 21 248 29.59 1.9x107
G, -G, 2 188 1085.78 0.71
G- Gy 32 -67 1.23x107 0.17
G; - Gs 9 -261 8.47x107 222.07
G, - Gs 8 -185 3.31x1072 4439
GCX’
G -G 23 -106 1.2x10% 0.75
G,-Gy 9 -153 4.4x107 16.54
G, - Gs 10 275 281 6.3x10°
G, - Gs 0.3 13 848 505.82
G
G -G, 91 -7 4.8x10° 6.3x10°
G, -Gs 91 -10 4.6x10° 6.6x10°
G;- Gy 102 10 5.3x10° 3.6x10°
Gy - Gs 86 94 43x107 1.1x10°
GX
G -G, 92 135 9.5x107 5.1x10™
G,-G; 73 23 1.3x107 5.5x10°
G;- G, 117 -157 2.2x10™ 9.8x10
G, - Gs 106 87 2.4x107 8.2x10™
GX’
G, -G, 94 43 1.2x10% 2.3x10°
G,-Gy 40 27 4.9x10 1.7x107
G, - Gs 61 89 7.7x107 2.5x10°

In the G system, the abasic site leads to qualitatively different
structural deformations in GX and GX’. As discussed previously,
in GX the Watson-Crick hydrogen bonds between the G, and C,
base pairs are disrupted, with the unpaired G; forming non-
Watson-Crick hydrogen bonds with C, 3’ to the abasic site, as
shown in Fig. 3. This conformational change does not alter
much the couplings among guanines compared to the G sytem,
which remain close to ~100 meV, but leads to an important
energetic destabilization of G, and Gz hole states and a
corresponding increase in the times needed to reach these
sites. Thus, the overall HT times, both for the forward and
backward pathways, are increased to ~2 ns compared to the
0.04-0.2 ns obtained for the same sequence without the
lesion.

This journal is © The Royal Society of Chemistry 20xx

Fig. 6 Structure of the abasic site region for the GX’ system.

In the GX’ system, on the other hand, the lesion induces an
important conformational change, with unpaired C; adopting
an extrahelical conformation and the sugar of the abasic site
being extruded from the helix. As discussed in the previous
section, this leads to the triplex like G,:C,:C3 structure shown
in Fig. 6, in which the G4:C,4 base pair is mainly stacked with the
C,:C3 pair, but also to some degree with the G,:C, pair.
Because the stacking between G; and G, is not significantly
modified, the V;, intrastrand coupling remains similar to the
value estimated for G and GX, around 90 meV. The V,; and Vs
couplings, however, are approximately halved compared to
the standard ~100 meV coupling value for intrastrand G-G
contacts because the stacking between G,/G, and G,/Gs is
reduced for these pairs. This reduced stacking explains the
partial destabilization of G,, G4 and Gs shown in Fig. 4, given
the well-known ability of GG motifs to stabilize hole states.®®
KMC simulations indicate that destabilization of these sites,
specially of Gs, induces a significant asymmetry in overall HT
times for the forward G; — Gs and the backward G; — G;
process, for which we estimate time constants of 1.8 ns and 23
ps, respectively, compared to 210 ps and 38 ps estimated for
the G system without lesion. Overall, thus, the partial
disruption of the staking interactions along the G strand in GX’
leads to fast forward HT times similar to the reference G
system, whereas the backward process is significantly slowed
down by an order of magnitude, inducing a directional
asymmetry in HT dynamics.

Conclusions

Apurinic and apyrimidinic sites constitute one of the most
frequent DNA lesions. Indeed, the repair of other lesions by
the BER machinery leads also to the formation of an abasic site
after enzymatic hydrolysis of the N-glycosidic bond.
Electrochemical monitoring of DNA repair processes is thus
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often performed following the modulation of charge transfer
properties associated to the creation of abasic sites. Despite
the fact that several studies indicate a general attenuation of
charge transfer yield in the presence of abasic sites, the fact
that such lesions lead to diverse alterations in the DNA
structure depending on the nature of the unpaired nucleobase
and the DNA context suggests that the consequences on
charge transfer dynamics are also diverse. In this study we
have investigated the impact of unpaired cytosine and guanine
sites on the structure of polyG and polyGC sequences in
atomic detail using MD simulations. Individual HT rates are
then derived from Marcus theory based on MD-averaged
energies and couplings estimated using QM/MM calculations,
and the impact of abasic sites on overall HT dynamics are
modeled using a Kinetic Monte Carlo scheme.

We find that MD simulations based on the parmbscO force
field lead to Ilarge structural fluctuations and
conformations for the DNA sequences considered. In contrast,
those performed using the recently refined parmbscl potential
point to small alterations on the global B-DNA structure, with
abasic sites adopting both intrahelical (GX, GCX and GCX’) and
extrahelical (GX’) conformations, in agreement with previous
studies based on NMR spectroscopy and theoretical models.
When the DNA adopts intrahelical conformations, the
electronic interactions among guanines remain similar to the
reference sequence without lesion. However, the abasic void
induces a significant disorder in the energies of the hole states,
which translate into HT longer times by ~1-2 orders of
magnitude. In the GX' sequence adopting an extrahelical
conformation, in contrast, the unpaired cytosine and the
abasic sugar are extruded from the DNA and the double helix
collapses. This leads to a a reduced stacking among sites in the
G strand, leading to a destabilization of the hole states over G,,
G, and Gs and a significant attenuation of electronic coupling
values between these sites. Interestingly, this translates into
an asymmetric behavior in HT kinetics, given that the 5’ to 3’
transfer along the guanine strand (G; — Gs) is slowed down by
one order of magnitude, whereas HT in the opposite 3’ to 5’
direction remains similar to that estimated for the reference

unusual

sequence.
Overall, our results thus show that abasic sites giving rise to
intrahelical conformations generally slow down HT dynamics
due to energetic disorder induced by the presence of the
abasic void, whereas extrahelical conformations lead to less
trivial implications on HT dynamics, including asymmetries in
the directionality of HT. Thus, our results suggest that
electrochemical monitoring of DNA repair process following
changes in charge transfer properties can miss repair events
linked to abasic sites adopting extrahelical conformations.
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CAPITOL IV

4. Discussio

Al llarg d’aquesta tesi doctoral s’ha explorat el rol de I'entorn en la modelitzaci6 de
processos CT i EET en sistemes biologics a través de dues linies d'investigacio
complementaries. D’'una banda, s’ha investigat com I’entorn heterogeni complex és
capa¢ de modificar les propietats espectrals i el procés EET en sistemes
fotosintetics de recaptacié de llum. D’altre banda, s’ha estudiat I'impacte de les
fluctuacions estructurals, degut a agents externs o defectes en la seqiiencia, en el

procés de transferencia de carrega a través de I’ADN.

En les ultimes décades s’han produit grans avencos pel que fa al desenvolupament
de metodes i a la capacitat de calcul. Avui en dia és possible calcular excitacions de
cromofors a través de metodes QM amb una gran precisié. Ara bé, quan es volen
estudiar excitacions en sistemes bioldgics complexes s'ha de recérrer encara a la
utilitzacié de metodes hibrids QM/MM per tal d'incloure l'efecte de 1'entorn. La
majoria de les implementacions d'aquests metodes pero, estan basades només en
interaccions electrostatiques entre la part QM i la part MM a través de 1'us de
models basats en carregues puntuals. Aquests metodes han donat excel-lents
resultats en una amplia varietat de sistemes biologics, no obstant, s6n incapagos de
descriure, per exemple, els efectes de la reorganitzaci6 electronica que té lloc

després d'una transicid electronica degut a la absorci6 d'un foto.

D'altra banda, en la modelitzaci6 de certs processos de transferencia, un model
estatic, per acurat que sigui, no és suficient ja que cal incloure també els efectes
dinamics presents en qualsevol entorn biologic. Aquestes afectes dinamics sén
importants tant des d'un punt de vista estructural, ja que 1'acoblament electronic
entre donador i acceptor depén estretament de la seva orientacié i separacid
relatives, com des d'un punt de vista vibracional. La recent hipotesis de que els
efectes de coherencia persistents observats en certs sistemes fotosintetics,?2-24
estan relacionats amb 1'acoblament vibronic a certes freqiiencies que coincideixen

amb les diferencies d'energies entre estats excitonics,3! ha posat de manifest la
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importancia d’'incloure d'una manera acurada, tant els efectes estatics com

dinamics de l'entorn.

L’objectiu principal que ha perseguit aquesta tesi doctoral ha sigut investigar
I'impacte de I’entorn, aixi com avaluar i millorar els metodes de simulaci6 actuals
per tal de descriure’n I'efecte, en relacié a processos CT i EET en sistemes biologics.
Els elements claus en tals simulacions sén les energies dels estats electronics
involucrats, els acoblaments electronics i els acoblaments vibronics. Per fer-ho
s’han emprat diverses estrategies computacionals en funcié del sistema i dels

objectius de cada treball en particular.

4.1. Efectes de I'’entorn en processos EET en ficobiliproteines

En la primera linia d’investigacié d’aquesta tesi s’ha estudiat I'efecte de I'entorn en
els parametres necessaris per a la simulaci6 de processos EET en sistemes
fotosintetics. L'estudi i la comprensié d’aquests processos a nivell molecular és
fonamental per a la construccié d’analegs artificials de gran eficiéncia. Davant la
complexitat d’aquests sistemes i la impossibilitat d’'usar metodes purament
quantics, la tria d’estrategies basades en calculs QM/MM, o més concretament
QM/MM polaritzables, ha guanyat forca durant els ultims anys. Per aixo, per a
I'estudi d’aquestes ficobiliproteines, en el transcurs d’aquesta tesi s’han emprat
dues estrategies diferents, ambdues basades en la metodologia QM/MMPol

recentment desenvolupada. 57

Concretament, s’han estudiat cinc ficobiliproteines diferents, la PE545, ampliament
analitzada anteriorment en el grup,?7.61115 i quatre nous sistemes, PC577, PC612,
PC630 i PC645, l'estructura dels quals ha estat resolta en els darrers anys.3?
Aquests quatre sistemes, estructuralment molt similars i amb practicament el
mateix tipus de pigments, presenten dues estructures quaternaries diferenciades,
degut a la inserci6é d'un sol aminoacid que provoca una rotaci6 de ~73° d’'una part
de l'estructura, generant una configuracié “oberta” amb la presencia d’'un canal

interior, en front de la configuraci6 “tancada” observada fins aleshores en aquests
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tipus de sistemes.32 Una de les caracteristiques més rellevants és que aquest canvi
conformacional és capa¢ de modular el efectes de coherencia persistents en el
temps observats en aquests i en d’altres sistemes fotosintetics de recaptacié de
llum, que es creu que poden tenir un impacte crucial en el procés de transferéncia

d’energia.?2-24

Dins d’aquesta linia d’investigacié s’han portat a terme tres treballs diferenciats
que tenen com a element comud aprofundir en la comprensié del funcionament
d’aquestes cinc proteines recol-lectores de llum. En un primer treball s’ha estudiat
la interaccié entre les vibracions de l'entorn i les energies de transicid dels
diferents pigments presents en el complex PE545, mitjancant la metodologia
mencionada anteriorment MD-QM/MMPol desenvolupada conjuntament entre el
nostre grup i el de la Dra. Mennucci de Pisa.5” A posteriori, s’ha analitzat I'origen
molecular de les vibracions amb un acoblament major, ja que sén les que més
impacte tindran en el procés EET. En un segon treball, s’han estudiat els estats de
protonaci6 dels diferents pigments que es troben en aquestes cinc
ficobiliproteines, essencials per a una simulacié realista de les propietats
espectrals. Finalment, s’han calculat els ingredients necessaris per a la descripcié
dels processos de transferéncia d’energia en els complexes (PC577, PC612, PC630 i
PC645) a través de dues metodologies diferents. La primera, basada en
simulacions de MD i posteriors calculs QM/MM d’estats excitats sobre les
trajectories (MD-QM/MMPol). La segona, en optimitzacions QM/MM dels pigments
i posteriors calculs multiescala d’estats excitats en preséncia d'un solvent continu
(QM/MMPol/ddCOSMO). A partir dels resultats obtinguts s’ha realitzat la
simulacié dels diferents espectres d’estat estacionari i s’han comparat amb els
espectres experimentals a fi de validar els diferents models i interpretar-ne els pics

principals.

4.1.1. Analisi de les funcions de densitat espectral en el complex PE545

Les funcions de densitat espectral descriuen la for¢ca de I'acoblament entre una
excitacio electronica i les vibracions de I'entorn. Aixi, s6n un parametre fonamental

a I'hora de descriure el paper de l'entorn en processos EET. Recentment, la
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implementacio de la técnica d’espectroscopia electronica bidimensional ha permes
observar efectes de coherencia persistents en el temps en la ficobiliproteina
PE545,22 entre d’altres complexes fotosintetics.11® Aquests descobriments han
posat de manifest la importancia de descriure de manera acurada aquestes
interaccions amb l'entorn, ja que es creu que l'acoblament a vibracions amb una
freqiiencia que coincideix amb la diferéncia d’energia entre estats excitonics del
sistema pot ser la responsable dels efectes de coherencia mencionats. No obstant,
la obtenci6 experimental d’aquestes funcions de densitat espectral és encara
complicada, especialment en complexes multicomoforics, on es perd la informacié

individual de cada pigment.3°

Com s’ha comentat anteriorment, aquestes funcions de densitat espectral s’han
obtingut mitjangant simulacions de dinamica molecular, a partir de les quals s’han
realitzat calculs QM/MMPol de les energies d’excitacié dels diferents pigments
cada 5 fs. A partir de les fluctuacions en el temps de les diferents energies
d’excitacié s’han obtingut les funcions d’autocorrelaci6 per a cada un dels
pigments, i a partir d’aquestes s’han simulat les funcions de densitat espectral
individuals. En comparar la funci6 de densitat espectral obtinguda per a tot el
sistema amb una funcié de densitat espectral obtinguda experimentalment,30.117.118
s’ha observat com la zona de baixa freqliencia d’ambdues funcions, corresponents
a la part continua de la SD, concorden de manera raonable. Pel que fa als pics
corresponents a la part discreta de 'espectre, s’hi observen intensitats i amplituds
similars malgrat discrepancies en les posicions dels pics. No obstant, la forma com
ha estat obtinguda la funcié experimental no dona una imatge realista de la posicié
dels pics degut a que prové d'un ajust empiric a 'espectre d’emissio. Altrament, la
regié d’alta freqiiéncia de l'espectre simulat no és capa¢ de proporcionar una
representacio fidel, degut a la ja coneguda sobrepoblaciéo dels modes d’alta
freqiiencia en simulacions classiques. Tanmateix, l’energia de reorganitzacio
calculada a partir de I’espectre simulat (557 cm-1) casa de manera excel-lent amb el

valor provinent de I’espectre experimental (539 cm1).

En analitzar les diferents SDs i els diferents pigments presents en el complex

PE545 s’ha pogut comprovar l'estreta relaci6 que existeix entre l'estructura
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quimica de cada pigment i la seva SD. El complex PE545 esta constituit per vuit
pigments, dos DBVs i sis PEBs, dos dels quals es troben doblement units a
'estructura proteica. Com es pot observar a la Fig. 9, en els DBVs la conjugacio6 del
sistema m s’estén en tres dels quatre anells de pirrole, mentre que en els PEBs
només en dos. Aquest augment en la conjugacio del pigment fa que I'estat excitat
sigui més sensible a les deformacions estructurals i per tant, que tant les
fluctuacions de la funcié d’autocorrelacié com la distribucié de pics de la SD siguin
majors. D’altra banda, aquest efecte també s’observa en els resultats dels PEBs
doblement units a la proteina, que per contra es troben més restringits i presenten
menors oscil-lacions. Aquestes diferencies en la distribucié de pics entre pigments
es fan evidents especialment a la zona de baixa freqiiéncia, fet que suggereix que
les fluctuacions en aquest regié estan meés relacionades amb I'entorn local de cada

pigment.

Per tal d’aprofundir en I'origen molecular dels pics més rellevants de les diferents
SD s’ha realitzat un analisi dels diferents modes vibracionals. Concretament, s’han
portat a terme dos tipus d’analisis, per un canté dels modes normals de vibracid,
que representen les fluctuacions al voltant d'un minim energetic i donen una
imatge de les vibracions intrinseques de cada pigment. Per I'altre, dels modes
quasi-harmonics, que representen les fluctuacions al voltant de la conformacié
mitjana obtinguda al llarg de la simulacié de MD. Per tant, mentre que l'analisi de
modes quasi-harmonics déna una idea de les vibracions responsables dels
diferents pics presents en les SD, la comparacié d’ambdues distribucions déna una
imatge de quins modes vibracionals estan promoguts o atenuats degut a la
interaccié amb l'entorn. A través d’aquesta comparacié s’ha observat que entre
1000-1500 cm, hi ha una serie de modes vibracionals que es veuen atenuats
degut a la interaccié amb la proteina, mentre que al voltant de 500 cm™! s’observa
un increment en la distribuci6 de modes vibracionals associats a aquesta
interaccid. Els modes associats a la zona de baixa freqiiencia ~500 cm-! estan regits
basicament per torsions globals de l'estructura tetrapirrolica o torsions que
afecten el grau de planaritat d’algun dels anells de pirrole. Aquestes modes
vibracionals modifiquen el grau de conjugacié m, de manera que s’acoblen més

intensament amb les transicions m-m*. Aquest fet que es veu reflectit en una major
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intensitat dels pics a la funci6é de densitat espectral, especialment en el cas dels
DBVs, als quals la deslocalitzacio m s’estén sobre un anell extra de pirrole. Aquesta
diferencia en l'estructura dels DBVs, amb la preséncia d’'un doble enllag C=C extra
en un dels anells, també s’ha associat a la major distribucié de modes vibracionals
en aquests pigments a la regié de ~1450 cm1, corresponents a estiraments v(C-C) i

v(C-N).

D’altra banda, el dissolvent forma part de 'anomenat “bany” i sol jugar un paper
important en la modulacié de l'acoblament vibronic. Per aprofundir en aquesta
questio s’ha realitzat el mateix analisi de modes quasi-harmonics sobre una
simulacié de MD del complex en buit, per tal de comparar ambdues distribucions.
S’ha observat que la presencia del dissolvent augmenta la distribucié6 de modes
basicament a les regions de mitja i alta freqiiéncia, mentre que 'atenuacié a la
regié entre 1000-1500 cm! mencionada anteriorment, sembla ser fruit de la
interaccié amb el dissolvent. No obstant, tot i observar-se diferencies en I'exposici
al dissolvent per part dels diferents pigments, no s’observa un impacte en les
distribucions individuals dels diferents modes. Per tant, es podria concloure que el
dissolvent impacte en els modes vibracionals dels diferents pigments d'una

manera indirecta, a través de les vibracions de la proteina.

Pel que fa a la dinamica de transferéncia d’energia, s’han investigat les
implicacions de la utilitzacié d’'una funci6 de densitat espectral global o I'ts de les
diferents funcions individuals per a cada pigment. Per fer-ho s’han considerat dos
subconjunts de pigments dins de la proteina i se n’ha estudiat la dinamica de
transferencia en ambdues situacions mitjancant calculs no pertorbatius a través
d’equacions jerarquiques del moviment#? S’han dividit els calculs en un
subconjunt d’alta energia, format pel PEBso/s1c, €l PEBso/s1p i €l DBV,, i un de baixa
energia format pel PEBsac, el PEBgzp i el DBVa, mentre que per les energies i els
acoblaments electronics s’han emprat els valors ajustats anteriorment en la ref. 115,
S’ha observat que els diferents pigments del subconjunt d’alta energia presenten
un acoblament important a un mode vibracional al voltant de 1050 cm,
coincident amb la diferéncia d’energia entre els estats excitonics quasi-localitzats

en el PEBso/61p i el DBV,, de manera que aquest mode conduira la transferencia
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d’energia entre aquests dos estats. D’altra banda, en el subconjunt de baixa energia
s'observa l'acoblament a un mode al voltat de ~500 cm coincident amb la
diferencia d’energia entre els estats excitonics quasi-localitzats en el PEBsgac i el
PEBs2p. En representar la dinamica de la poblacié dels diferents estats excitonics
en els dos subconjunts s’observa la preséncia d’oscil-lacions que desapareixen en

considerar la mateixa SD en els diferents pigments.

Per tant, els nostres resultats recolzen la implicacié d’efectes de coherencia en la
transferencia d’energia en la ficobiliproteina PE545 observats experimentalment,
al mateix temps que posen de manifest la necessitat de determinar les funcions de
densitat espectral a nivell atomic, per tal d’incloure-hi els efectes de I'entorn

heterogeni complex que es veuen difuminats a nivell experimental.

4.1.2. Determinacio de I'estat de protonacié de les ficobilines presents en els

complexes PE545, PC577,PC612,PC630 i PC645

Malgrat el gran nombre d’estudis publicats sobre la relacié entre I’entorn proteic i
les propietats de recaptacido de llum en aquests tipus de sistemes, l'estat de
protonaci6 de les diferents bilines que els constitueixen no havia estat encara
estudiat en detall. Fins al moment, diversos treballs teorics han considerat
indistintament un estat desprotonat o protonat al sistema tetrapirrole, més enlla
de l'estat anionic de les dues cadenes laterals acides que també presenten a
I'estructura. La hipotesi de I'estat protonat es veia recolzada per certs indicis
suggerits per mapes de densitat electronica d’alta resoluci6, aixi com per la
presencia d'un residu d’acid aspartic o glutamic de la proteina interaccionant amb
el grup tetrapirrole en la majoria d’aquests pigments. No obstant, la determinacié
precisa dels diferents pK,s d’aquests pigments no només és important per I'efecte
que pot tenir I'estat de protonacié en els estats excitats sin6 que, a diferencia
d’altres organismes fotosintétics que tenen les seves proteines antena unides a la
membrana tilacoide, aquestes ficobiliproteines es troben suspeses en el lumen, on
el pH pot variar entre ~5-7 en funcio6 de I'exposici6 a la llum solar.11? Aixi, en funcié
del pK, de les bilines I'estat de protonacio i les propietats EET d’aquests complexes

es podria veure afectat per aquests canvis en el grau d’exposici6 a la llum.
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La determinacio dels diferents estats de protonacio6 en aigua d’aquests pigments és
dificil a nivell experimental, degut a la perdua de la conformacié bioactiva en
solucio. Aixi, primer s’ha obtingut I'estat de protonacié en aigua per a cada pigment
a través de cicles termodinamics. S’ha calculat la variaci6 de I'energia lliure de
desprotonacio6 de cada un dels quatre anells de pirrole de cada pigment en fase gas,
mitjancant calculs SCS-MP2/CBS amb correccions CCSD, i posteriorment s’han
calculat les corresponents energies de solvatacio a través de models de solvatacié
continus com sén I'MST5354 i 'SMD.55 Mentre que els calculs en fase gas s’espera
que tinguin una precisié sufucient, el calcul d’energies de solvatacid, especialment
en el cas d’ ions, conté errors associats de l'ordre de varies kcal/mol. Per tant,
paral-lelament s’ha validat el protocol computacional emprat en dos compostos
heterociclics aromatics dels quals es coneix el pK, experimental, obtenint uns
errors absoluts de ~1 unitat de pK.. Els resultats obtinguts per aquests estats de
protonaci6 indiquen clarament que els anells de pirrole més acidics en tots els
pigments sdn els dos anells centrals, amb valors d’entre 6 i 7 unitats de pK,, mentre
que els anells externs que presenten cert caracter d’amida, presenten pK.s que

oscil-len entre 11 31.

La inclusié de l'’entorn proteic en el calcul dels diferents pK.s és un factor
fonamental en la determinacio dels estats de protonacid dels diferents pigments, ja
que és el que marca la diferéncia entre pigments amb la mateixa estructura que es
troben en diverses ficobiliproteines. Els valors de pK, per als diferents entorns
proteics s’han obtingut a través del calcul de l'energia lliure associada al pas
d’aigua a l'interior de la proteina, mitjancant el metode PROPKA,120.121 3 partir dels
valors en aigua obtinguts previament. S’han calculat els diferents pKas
corresponents Unicament als dos anells de pirrole centrals, tant per 'estructura
cristall com per diverses estructures al llarg d'una simulacié de dinamica
molecular, obtenint resultats més relaxats a partir dels valors mitjanats al llarg de
la MD. Els resultats obtinguts s’han dividit en dos grups, els pigments en que els
dos anells centrals interaccionen amb un residu d’acid aspartic o glutamic de la
proteina i els que no. Pel que fa al primer grup s’han obtingut valors de pK, que

oscil-len entre 6 i 8 unitats, mentre que els aminoacids amb que interaccionen
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presenten valors de pK, entre 3.3 i 6.9, en tots els casos inferiors als valors predits
per les bilines. D’altra banda, el segon grup de pigments presenta valors de pK, al

voltant de ~5.

Tot i els progressos en el desenvolupament de metodes per al calcul d’energies
lliures, aquests encara porten un error associat que es pot traduir en una desviacié
d’entre 1-2 unitats de pK,. Si es considera el rang de pH a l'interior del lumen,
entorn fisiologic per aquestes ficobiliproteines, els diferents valors de pK,
obtinguts a través dels diferents cicles termodinamics i I'error associat als metodes
emprats, I'estat de protonaci6 dels diferents pigments al pH de treball segueix
essent incert. Per aquest motiu, per tal d’aprofundir en els valor absoluts de pKj,
s’han obtingut els espectres d’absorcio per a cada proteina a diferents valor de pH
entre 4.0 i 9.4. La idea principal és identificar variacions en els espectres d’absorcio
degudes a un canvi en el pH, que es puguin correlacionar amb canvis en I'estat de

protonaci6 dels diferents pigments.

En comparar els espectres d’absorci6 a diferents valor de pH per a cada proteina,
s’ha observat un element en comu, que és I'abséncia de canvis en el rang de pH que
va de 4.6 a 6.5. D’altra banda, en la PC645 s’observa una disminucié de la intensitat
relativa de la banda de baixa freqliéncia, consistent amb la desprotonacié dels
MBVs, als que els manca el residu acid interaccionant amb els anells de pirrole
centrals, i per als quals el pK, calculat és menor. El mateix patré s’ha pogut
observar en la PC630, tot i que en presentar un espectre més congestionat, els
canvis observats a la banda de baixa freqiiencia semblen tenir un impacte més
general en I'eixamplament global de I’espectre. Ara bé, aquests canvis en la banda
de baixa freqiiencia no s’observen fins a un pH = 7, de manera que si s’havien
obtingut una valors de pK, ~5 per als MBVs, sembla raonable considerar que els
calculs realitzats subestimen els valor d’aquests pigments en al menys 2 unitats de
pKa. Pel que fa a 'espectre de la PE545 i la PC577, ambdues semblen menys
sensibles als canvis en el pH, i no és fins a valors superiors a 7 que s’observen
petits canvis en els espectres a la zona de més alta freqtiéncia. Aquests canvis, per a
la PE545, es poden associar a la desprotonaci6 dels pigments DBVs, que tampoc

interaccionen amb cap residu acid de la proteina i per als que s’ha estimat un pK,
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de ~5.6, fet que un cop més recolza una subestimacio del pK, d’'unes 2 unitats en
les nostres simulacions. D’altra banda, pel que fa a la PC577, on tots els pigments
interaccionen directament amb un residu acid de la proteina, les variacions en
I'espectre s6n menors i es poden relacionar també amb I'estat de protonacio6 dels

DBVs, pels que s’ha estimat un valor menor que per la resta de pigments.

En conclusid, els resultats obtinguts experimentalment, suggereixen que les
nostres prediccions subestimen els valor de pK, dels diferents pigments en ~2
unitats, ja que no s’observen canvis apreciables en els espectres d’absorcid fins al
voltant de pH 7, consistents amb la desprotonacié dels DBVs i MBVs als que els
manca el residu acid de la proteina interaccionant amb els dos anells de pirrole
centrals. Per tant, els nostres resultats recolzen estudis previs en que les bilines
presents en aquestes proteines antena s’han considerat en la seva forma
completament protonada en el pH de treball del lumen (5-7), tot i que certa fraccio
dels DBVs i dels MBVs es pot trobar en la seva forma desprotonada a un pH~7. Ara
bé, I'estat de protonacié dels pigments no sembla que pugui tenir conseqiiencies en

les propietats de captura de llum d’aquests complexes en condicions fisiologiques.

4.1.3. Propietats de captura de llum dels complexes PC577, PC612, PC630 i
PC645

Recentment s’ha descobert una nova estructura quaternaria en FBPs, en que la
insercio d’un sol residu esdevé en una estructura “oberta”, on la major separacié
entre els dos pigments centrals provoca una reduccié de I'acoblament excitonic
entre aquests, fet que es tradueix en una atenuaci6 de les coheréncies
observades.3? Aix0 ha fet augmentar l'interes en el desenvolupament de models
teorics capa¢ de descriure de manera precisa els processos EET en aquests
sistemes, a fi d’establir les bases moleculars que sustenen tals efectes de
coheréncia. La correcta descripcid d’aquests processos rau essencialment en una
correcta descripcid6 de l'escala energetica dels diferents pigments que les
constitueixen, aixi com dels acoblaments entre ells i amb '’entorn. La determinaci6
d’aquestes energies ha estat un dels grans reptes durant els ultims anys.27.3461,122

En aquesta tesi s’ha estudiat les energies relatives en quatre PBPs, de les quals
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dues parelles comparteixen la mateixa composici6 en quant a pigments,
PC577/PC612 i PC630/PC645, amb dues estructures quaternaries diferents,
oberta i tancada, respectivament. Aquests dos conjunts de proteines permeten
comparar tant les diferencies espectrals degudes a canvis en la seqiiencia proteica,

com les difereéncies ocasionades degut al canvi en |'estructura quaternaria.

S’han emprat dues estrategies, que difereixen basicament en el tractament de les
geometries internes dels diferents cromofors. Per un canté s’ha emprat la
metodologia MD-QM/MMPol (seccié 1.2.1.4.), mitjancant la qual es van obtenir
resultats satisfactoris anteriorment en el grup per al sistema PE545.61.115 Per |'altra
banda, s’ha emprat una estrategia basada en una prévia optimitzacié dels diferents
pigments a nivell QM/MM, seguida de calculs multiescala dels estats excitats i els
acoblaments electronics a nivell QM/MMPol/ddCOSMO. En aquests ultims, el
solvent ha estat descrit mitjangant un nou algoritme per a la resoluci6 de les
equacions del model COSMO, anomenat ddCOSMO,%8 que permet el tractament de
biosistemes de mida considerable ja que escala linealment amb el tamany. Per tal
d’avaluar la precisio dels resultats obtingut, s’han simulat els diferents espectres
d’estat estacionari (absorcid, emissio i dicroisme circular), per contrastar-los amb

els diferents espectres experimentals.

Com ja s’ha comentat anteriorment, 'acoblament vibronic és també un element
clau a I'hora de simular els diferents espectres, de manera que s’han calculat les
funcions de densitat espectral per a cada pigment mitjancant el metode del
gradient vertical (secci6 1.2.2.3.2.). Els resultats obtinguts mostren una tendéncia
similar per als diferents tipus de pigments que constitueixen les quatre proteines,
tot i que els DBVs presenten acoblaments majors que la resta, obtenint un rang
global per a I'energia de reorganitzacio (A) al voltant de 410-690 cm-1. No obstant,
el model falla en la obtencié de les SD d’alguns dels pigments, degut probablement
a errors en la determinaciéo del minim correcte d’energia en les optimitzacions
QM/MM realitzades a l'interior de proteina. Cal remarcar que els MBVs so6n els
pigments que presenten més inconsistencies en el valor de A, essent també els
pigments més conjugats i per als que l'obtencié d’'un minim energéetic podria

exagerar aquest efecte, en negligir els efectes térmics.
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Pel que fa a les energies d’excitaci6 dels pigments, I'is del metode basat en MD
clarament sobreestima les diferéncies d’energia entre els diferents tipus de bilines
(DBVs i PCBs) en tots els casos, mentre que els calculs basats en les geometries
optimitzades QM semblen aportar resultats en un rang d’energies relatives més
raonable. Aquesta sobreestimaci6 sembla ser fruit de I'is d’un force field classic
en la MD, fet que indueix errors sistematics diferents en pigments amb diferent
estructura. Pel que fa a I'energia dels MBVs, que sén els pigments més conjugats,
hom esperaria que fossin els pigments de més baixa energia. Ara bé, mentre que
mitjancant els calculs basats en MD semblen estar al mateix rang d’energia que els
PCBs de més baixa energia, els calculs basats en les optimitzacions QM, tot i situar-
los en la posici6 de més baixa energia, clarament n’infraestimen el valor,
probablement degut novament a negligir els efectes térmics i exagerar-ne el grau

de conjugaci6 en la geometria optimitzada.

En vista de tot el conjunt de resultats, sembla evident que els DBVs constitueixen
els pigments de més alta energia, pero la posicié espectral tant dels MBVs com les
energies relatives entre diferents PCBs és més complicada de determinar. Pel que
fa a les dues proteines que no contenen MBVs, la PC577 i la PC612, les dues
cadenes [3 sOn identiques, de manera que les diferencies espectrals observades
provenen unicament degut a les diferencies en les cadenes a que contenen els
pigments PCB2oa/c. Per tant, el canvi, a més baixa energia, del maxim d’absorcié
observat entre la PC577 i PC612, ha de ser degut a una estabilitzaci6 dels pigments
PCBzo0a/c. Si es comparen els dos metodes emprats per a la PC577 i la PC612 no
sembla clar quins haurien de ser els pigments de més baixa energia (PCBszg/p,
PCBi1ss8B/p), ja que en els calculs basats en les MD corresponen als PCB1sgg/p, mentre
que pels calculs basats en les optimitzacions QM corresponen als PCBsgzg/p. D’altra
banda, per als complexes PC630 i PC645 que contenen també MBVs, els calculs
basats en les optimitzacions QM prediuen energies en I'ordre MBV194,c < PCBs28/p
< PCBissg/p < DBVso/61/8/p, mentre que els calculs basats en les MD prediuen un
rang d’energies massa similar i dificil de discernir MBV19a,c ® PCB1588/p ® PCBs25,p
< DBVso/61/8/p- Els calculs basats en geometries QM, pero, donen un eixamplament

de banda molt més coherent amb els valors experimentals, especialment en quan a
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la diferencia d’energia entre DBVs i PCBs, tot i que I'energia dels MBVs sembla
lleugerament infraestimada. L'ordre energetic predit per aquestes simulacions, a
meés, concorda amb els resultats recentment publicats pel grup del Prof. Coker

sobre la PC645: MBV19a,c ® PCBg2s/p < PCB1588/p < DBV50/61/8/D.3%

Per tant, els calculs basats en les optimitzacions QM semblen aportar resultats més
raonables pel que fa a les energies relatives, donant un mateix ordre a totes 4 FBPs
per als pigments PCBs i DBVs situats a la cadena 3, fortament conservada en
aquestes algues: PCBgz/p < PCB1s5gs/p < DBVso,61/8/p. Aixi, la diversitat espectral
sembla originar-se basicament per la posicié dels pigments presents en la cadena
a, molt més divergent a nivell evolutiu. Aquests pigments semblen donar lloc a
bandes en un rang d’energia mig en la PC577 i la PC612 (PCB20a/c) i en la zona de
baixa energia en la PC630 i PC645 (MBV194/c).

4.2. Efectes de I'’entorn en processos CT en I’ADN.

En aquesta segona linia d’investigacido s’ha estudiat I'impacte de l’entorn en
processos CT a través de I’ADN. En particular, degut a la interaccié amb proteines o
a la introduccié de defectes estructurals tant comuns com I'excisié d’'una base de la
seqiiencia. Per fer-ho, s’han emprat simulacions de dinamica molecular per tal
d’'incloure les fluctuacions dinamiques de I’entorn. Sobre diverses estructures
extretes al llarg de la MD s’han realitzat calculs puntuals QM/MM a fi d’obtenir uns
valors mitjanats per a les energies dels cations radicals formats sobre les guanines
i per als acoblaments electronics entre els diferents parells de guanines. Per als
acoblaments electronics s’ha emprat el métode FCD? a un nivell de teoria
semiempiric INDO/S. Tot i el seu caracter semiempiric, s’ha demostrat, en base a
calculs d’alt nivell CASPT2,°3 que el metode INDO/S juntament amb I'aproximacié
de Koopmans és capag¢ de descriure de manera realista les energies i acoblaments
electronics que defineixen el procés HT entre les bases nitrogenades d'una
seqiiencia d’ADN. Posteriorment, s’ha aplicat la teoria de Marcus als valors
mitjanats sobre la MD per a I'estimacio de les velocitats HT entre els diferents

parells de bases de la seqliencia. A partir de les velocitats individuals, s’ha simulat
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el procés global de transferéncia de carrega a través de la seqliéncia d’interes
aplicant l'algoritme de KMC. Aquest procediment ha permes obtenir les velocitats
HT des del punt inicial al punt final preestablerts per a cada sistema, al mateix
temps que ens ha proporcionat la distribucié de “camins” més favorables a través

de la seqiiencia de bases.

Concretament, en el transcurs d’aquesta tesi s’ha estudiat el procés HT en el
complex DNA-metiltransferasa Hhal i en diverses seqiiencies model d’ADN riques
en parells de bases G-C. L'enzim metiltransferasa Hhal s’'uneix de manera
especifica a una seqiiencia de la doble helix per portar a terme una reaccié de
metilacid a una citosina. Per fer-ho extreu momentaniament la base de la cadena i
inserta en el seu lloc la cadena lateral d'un residu de glutamina. Aquesta
interrupcio en l'apilament entre les bases de la seqtiéncia frena el procés global de
HT, reduint 'acoblament entre les guanines anterior i posterior a la insercid, al
mateix temps que en desestabilitza els cations radicals formats. No obstant, si
s'uneix a un enzim mutant Q237W, que en lloc d'un residu de glutamina inserta un
residu aromatic de triptofan, el procés HT a través de la seqiiencia d’'unié no només
no es frena, sind que es veu accelerat. Paral-lelament, s’ha estudiat també I'efecte
de la excisi6 d’'una base de la seqiiencia d’ADN, en primer lloc en la mateixa
seqiiencia d’ADN del complex ADN-Hhal i posteriorment en una série de sistemes

model.

4.2.1. Sistemes d’ADN en els que s’ha escindit una base de la seqiiéncia.

La excisié d'una base de la seqiiencia d’ADN no és un procés aillat, pot tenir lloc bé
de manera espontania, degut a agents fisics com la radiacié UV o y, o bé mitjancant
una accié enzimatica, generalment com a punt de partida en el procés de reparacio
d’'una base danyada.'?3 Comprendre els mecanismes de reparacié de I’ADN és un
pas fonamental en la recerca contra el cancer, i un dels metodes utilitzat en aquest
context consisteix en el seguiment electroquimic del procés de reparacié fent us de
les propietats de transport d’electrons a través de la seqiieéncia de bases.124-126 Ara
bé, mentre que la transferencia de carrega a través de ’ADN ha estat ampliament

estudiada, com es veu afectat aquest procés en abséncia d’'una base és encara un
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camp en desenvolupament. En primer lloc, des d’'un punt de vista estructural,
'excisi6 d’'una base doéna lloc a conformacions inusuals i molt variables en funcié
de la seqiiencia de bases, mentre que aquestes deformacions estructurals afecten
drasticament les interaccions m-Tt entre les diverses bases apilades, modificant-ne

aixi el procés HT.

§—G8—C—G6—C 1T G6—C—6&—C—G—C— 6 C—G6—C—G6—%
s—5_5 5 5)5 5 5 5 5 5 _3})55—5-_7s
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Figura 13. Seqiiéncies estudiades on es ressalta la part que s’ha descrit mitjancant un metode QM i en
vermell les bases que es poden escindir en funcié del sistema.

4.2.1.1. Parametres estructurals

Per tal d’estudiar la deformacié estructural que experimenta ’ADN davant
I'abséncia d’'una base s’han portat a terme simulacions de dinamica molecular dels
diferents sistemes d’interes. En un primer treball es va estudiar la seqiiencia
d’ADN que s’uneix a l'enzim Hhal,'?7 pero en abséencia d’aquest enzim, tant la
seqiiencia completa d’ADN com el sistema que es va anomenar ADN-X. En aquest
ultim s’havia eliminat la citosina que s’extreu en el procés enzimatic, generant una
posici6 abasica. Ja en aquest primer sistema es va poder observar, a través d'un
analisi de RMSD de les posicions atomiques, com les fluctuacions que
experimentava el sistema ADN-X eren molt superiors que les del seu analeg sense
modificar. En examinar-ne la dinamica en detall, es va observar com l'’abséncia de
la citosina permetia que la guanina amb la que s’aparellava (G3) s’inseris en la
posicio6 abasica facilitant aixi un apilament millor amb les guanines anterior (Gz) i
posterior (G4) al “forat”, i provocant I'’expulsié de la citosina amb la que una d’elles
s’aparellava inicialment (C4). Aquest comportament no és inesperat, ja que en les

bases puriques (A i G) la deslocalitzacié del sistema 1 s’estén als nou atoms dels
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anells, mentre que en les bases pirimidiniques (C i T) 'aromaticitat queda limitada

als sis atoms de l'anell de pirimidina, fent que la interacci6 sigui més pobra.

En el segon treball d’aquesta tesi dins de la present linia d’investigacio, es van
estudiar diversos sistemes d’ADN model rics en parelles de bases G-C.
Concretament es van confeccionar sistemes model de 15-mers poli-G i poli-GC, i els
seus analegs als quals se’ls va eliminar la guanina o la citosina oposada en la
posicio central, obtenint un total de sis sistemes. Un cop més, els dos sistemes que
contenen totes les bases de la seqiiéncia presenten RMSDs molt més robustos que
els seus homolegs amb una posicié abasica. Pel que fa a un analisi purament
estructural, varis grups han treballat ja amb la idea d’intentar establir relacions
entre la deformacié estructural i la naturalesa de les bases desaparellades.128-131 L.a
principal hipotesi és que quan la base desaparellada és del tipus purica, la
conformacid natural de la hélix es manté gracies a una millor interacci6 entre les
bases anterior i posterior, mentre que quan aquesta és del tipus pirimidinica té
tendéncia a adoptar una conformacio fora de la doble helix degut a un apilament

meés pobre, excepte si es troba situada entre dues guanines.

Aquestes observacions, tot i dependre molt de la resta de bases de la seqiiéncia,
semblen confirmar-se en els diferents sistemes estudiats. Quan la base
desaparellada és una citosina, en el cas del sistema GCX’, que es troba flanquejada
per dues guanines, la conformacio inicial es manté (intrahelix) i I'analisi d’'RMSD és
forca estable. D’altra banda, en el sistema GX' [l'analisi d’'RMSD presenta
fluctuacions més importants, ja que durant practicament 200 ns la citosina
desaparellada, tot i mantenir-se dins de la doble helix, es troba en ocasions fora de
la cadena, per finalment adoptar una forma tipus “triplex”, fora de la doble helix,
amb la guanina G i la citosina Cz , que es manté durant al menys 150 ns més.
Aquesta conformacié inusual permet que les guanines que envolten la posicid
abasica es tanquin recuperant I'apilament de la cadena, de manera que el grup
carbonil de la citosina desaparellada estableix un pont d’hidrogen amb el grup
amino de la citosina que la precedeix, quedant fora de la doble helix com s’havia
observat en estudis anteriors.129130 D’altra banda, pel que fa als sistemes on la base

desaparellada és una guanina, la conformacio6 inicial d’aquesta es manté al llarg de
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les simulacions, no obstant, en el cas del sistema GX, on la posicié abasica esta
flaquejada per dues citosines, la interaccié entre aquestes es veu afeblida,
provocant una major distorsid i el trencament dels ponts d’hidrogen tipus Watson-
Crick entre la G2 i la C2 adjacents a la posici6 abasica, establint-se nous ponts
d’hidrogen de tipus no-Watson-Crick entre la guanina desaparellada Gs i la C,
patr6 que ja s’havia observat anteriorment en seqiiencies similars.129.131,132
Respecte al sistema GCX, la zona corresponent a la posicié abasica i les bases
posteriors i anteriors, es correspon al sistema estudiat previament ADN-X. No
obstant, no s’observa el mateix patrd, ja que en aquest cas, les citosines que
flanquegen la base desaparellada no es veuen desplacades fora de la cadena quan
aquesta s’introdueix lleugerament en el forat de la posicid abasica, en consonancia
amb estudis previs.129130 Aquest comportament diferenciat, pot ser degut a les
diferencies en la seqiiéncia de bases, o bé a una descripcié erronia del primer
sistema ADN-X mitjancant el force field parmbsc0,!33 ja que en el segon treball, on
es compara l'analisi estructural d’'ambdoés camps de forces, s’'observa que el nou
parmbsc1134 descriu estructures més estables i proximes a l'estructura B-ADN

inicial.

4.2.1.2. Parametres HT

La deformaci6 estructural de 'ADN mencionada anteriorment té conseqiiéncies
importants en relacio a les energies dels cations radicals formats durant el procés
HT i en els seus acoblaments electronics. Aixi, per tal de capturar aquests
parametres dinamics s’han realitzat calculs QM/MM en diverses estructures al
llarg de la simulaci6 MD, els quals han permes obtenir uns valors mitjanats de les
energies, dels acoblaments electronics i de les velocitats de transferencia entre
guanines. A partir de les velocitats individuals s’han simulat les velocitats de
transferencia globals mitjancat simulacions KMC. En abséncia de lesions, en els
sistemes GC, tant en el poliGC con en ’ADN del primer treball, s’observen velocitats
de transferéncia al voltant de 2 ns en ambdds sentits, amb una marcada
preferencia pels “salts” entre guanines de diferents cadenes, en qué I'acoblament
és superior. D’altra banda, en el sistema poliG, els “salts” només tenen lloc entre les

guanines contigiies en una sola cadena on 'acoblament és marcadament superior,
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de l'ordre de ~100 meV, de manera que el procés de transferencia és més rapid,

amb temps de 200 i 40 ps pels processos de G1 — Gs i de Gs — Gy, respectivament.

La presencia de posicions abasiques impacta les energies, els acoblament i les
velocitats de transferéncia globals. Pel que fa als sistemes poliGC (GCX i GCX’), la
presencia de la lesid, tot i no donar lloc a grans canvis estructurals, afecta en les
propietats HT d’aquests sistemes. En la seqiiencia en la que s’ha escindit una
guanina, els acoblaments es mantenen similars als de la seqliéncia de referencia,
mentre que 'energia del cati6 radical en la G4 s’estabilitza ~150 meV respecte el de
la Gz. Aquesta estabilitzacid, juntament amb l'absencia de la Cz, fan que el procés
global de transferéncia es vegi alentit respecte el sistema de referencia (300 ns).
D’altra banda, en els sistemes en que s’ha escindit una citosina, tant en el sistema
GCX com en ’ADN-X, la lleugera insercid de la guanina desaparellada a I'interior de
la posici6 abasica fa augmentar considerablement els acoblaments V23 i V34. Ara bé,
les diferents conformacions induides degut a la posicié abasica fan que els temps
de transferencia globals es vegin alterats de diferent manera. En el sistema GCX, la
posicio6 abasica desestabilitza els cations radicals de les guanines Gz i Gs, fent que el
temps de transferéncia es vegi augmentat respecte el sistema de referencia, i
obtenint temps de I'ordre de 100-150 ns. Per contra, en el sistema ADN-X només es
veu desestabilitzat el catid radical format en la G3 respecte el sistema de referéncia
ADN, creant un cami preferent G1G2G4 que fa que el procés global de transferéncia
passi de 2.4 a 0.7 ns. Ara bé, cal remarcar, com s’ha comentat anteriorment, que la
simulacié de MD per el sistema ADN i ADN-X es van portar a terme mitjancant el
force field parmbscO, per el que s’han demostrat certes diferéncies

conformacionals amb el nou force field parmbsc1 en aquests tipus de sistemes.

Pel que fa als sistemes poliG, les diferents conformacions adoptades impacten de
diferents maneres el procés HT. Pel sistema GX en el que s’ha escindit la citosina
central, els acoblaments entre guanines no es veuen practicament alterats, mentre
que els cations radicals corresponents a les Gz i G3 es desestabilitzen, fent
augmentar el temps de transferencia globals al voltant de 2 ns en ambdds sentits.
D’altra banda, pel sistema GX’ en el que s’ha escindit la guanina central, I'estructura

adoptada en forma de “triplex” impacta de forma asimetrica el procés global de HT.
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L’apilament parcial de la parella de bases G4:C4 tant amb la parella G2:C2 com amb
la parella C2:C3, fan que els acoblaments V24 i Vs es vegin reduits practicament a la
meitat en comparacié6 amb l'acoblament observat per el sistema de referencia.
Aquest apilament parcial provoca també una desestabilitzaciéo dels diferents
cations radicals del sistema induint un procés de HT asimetric, en queé el procés de
Gs — G1 manté una velocitat de transferencia igual que la del sistema de referencia,
mentre que el procés Gi — Gs es veu alentit, obtenint temps de transferencia al

voltant de 2 ns.

En conclusid, davant la creixent aplicaci6 de metodes de monitoratge
electroquimic per a processos de reparacio de I’ADN, basats en el seguiment dels
canvis en les propietats de transferencia de carrega associats a la creacié de
posicions abasiques, s’ha observat que tot i que multiples estudis apunten cap a
una atenuacié del procés de transferéncia en presencia de posicions abasiques, la
dependencia de la seqiliencia i la naturalesa de les bases desaparellades juga un
paper determinant. En els nostres estudis es demostra una atenuacié del procés
global de HT en tots aquells sistemes en que la I'estructura global de la seqiiéncia
es manté, mantenint-se la base desparellada dins de la doble helix. Ara bé, en les
situacions en que alguna base de la seqliéncia es col-loca en una posicio fora de la
doble helix, el procés de transferencia es pot veure inclds accelerat. Aixi, el
monitoratge electroquimic dels mecanismes de reparacié de ’ADN basat en el
seguiment d’aquests processos pot obviar processos de reparacio de llocs abasics

en que la seqiiencia adopti conformacions amb bases fora de la doble helix.

4.2.2. Sistemes ADN-proteina

L’ADN s’uneix a determinades proteines per tal de portar a terme funcions tan
essencials com son la replicacid, la transcripci6 o la reparacié de danys. En algunes
ocasions aquesta uni6 es dona de manera especifica, quan la proteina s’uneix a
seqiiencies concretes de ’ADN, o no especifica, com és el cas dels mecanismes de
reparacié. En els ultims anys s’ha observat que la interacci6 de I'’ADN amb
determinades proteines és capac d’alterar-ne el procés de transferéncia de carrega,

degut a la migracié d’aquesta cap a residus aromatics de la proteina. S’ha observat,
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mitjancant tecniques experimentals, la formacié de cations radicals en residus de
tirosina i triptofan provinents de processos iniciats en I’ADN.111112 Com s’ha
comentat anteriorment, en aquesta tesi s’ha estudiat el procés HT a través de la
seqiiencia d’unié del complex ADN-proteina Hhal. En estudis experimentals
anteriors, s’havia observat que la unié de l'enzim natiu feia desapareixer la
presencia de dany oxidatiu a les guanines posteriors al punt d’inserci6 del residu
provinent de la proteina, mentre que a través de la unié d’'un enzim mutant Q237W
el dany oxidatiu es restablia.1#15 D’altra banda, aquests mateixos experiments
revelaven la participacié de cations radicals localitzats tant a les guanines com al
triptofan. A través dels metodes mencionats anteriorment, s’ha estudiat I'impacte
de la deformacié estructural sobre el procés HT, al mateix temps que s’han
determinat les velocitats de transferencia, els “camins” preferents i la implicacié

del triptofan en el procés HT.

4.2.2.1. Parametres estructurals

Com en el cas discutit en el punt 4.2.1.1.,, mitjancant simulacions de MD s’ha
estudiat la deformaci6 estructural ocasionada per la unié de la proteina a la
seqiiencia d'unié 5’-GCGC-3’. A través d'un analisi de RMSD de les posicions
atomiques es va poder observar com, a diferéncia del sistema ADN-X, les
fluctuacions en la regié d’'unio eren forca suaus, fet que posa de manifest una unié
estable en el temps de simulacié. També es va realitzar un analisi de Base Pair Step
Parameters (BPSP, Parametres de pas de parell de bases) mitjancant el programa
X3DNA,135 que determinen la orientaci6 mutua entre parelles de bases veines,
caracteritzades per set parametres (tres translacions, tres rotacions i el
solapament degut a l'apilament). Aquest analisi va permetre observar que el
sistema més afectat estructuralment, en comparacié al sistema model d’ADN i als
parametres de referéncia per la configuracié B-ADN,13¢ era 'ADN-X, especialment
en el parell de bases CA/TGs a causa de la expulsi6 de la Cis mencionada
anteriorment. D’altra banda, la unié a la proteina, tot i tenir cert impacte

estructural, conserva més la conformacié original de la doble helix.

No obstant, aquest analisi de BPSP només és valid en les parelles de bases

completes, de manera que paral-lelament es va analitzar en profunditat la
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orientacio i el grau d’insercio, tant de la cadena lateral de glutamina com de
triptofan. Aquests parametres tenen un efecte clau en el procés HT ja que afecten
directament les interaccions m-m entre les bases de la seqiiencia. La hipotesis
formulada pel grup de la Dra. Barton arran dels treballs experimentals realitzats
amb el complex Hhall415 postulava que la preséncia de dany oxidatiu en les
guanines posteriors a la insercié de 'aminoacid en el complex mutant Q237W era
deguda a que la cadena lateral de triptofan omplia I'espai de la citosina extreta,
mantenint-ne l'apilament i les interaccions m. Els nostres resultats recolzen
aquesta hipotesis, i indiquen que I'anell de triptofan i la Gz competeixen per omplir
la posicid de la citosina extreta. Durant els primers 60 ns de la simulacié I'anell de
triptofan es troba omplint completament el buit de la citosina. No obstant, passat
aquest temps tant el triptofan com la Gz semblen arribar a una posicié d’equilibri,
en que ambdds residus es troben ocupant I’espai mencionat, situacié que es manté
fins al final de la simulacié. D’altra banda, pel que fa al complex amb la proteina
nativa, la insercio de la cadena lateral de glutamina es manté estable al llarg de tota
la MD gracies a la formacid de tres ponts d’hidrogen entre la glutamina, la Gz i la
Ser87, determinants a I'hora de mantenir I'estructura del complex durant I'accié

catalitica.137

4.2.2.2. Parametres de HT

Tal com s’ha mencionat en l'apartat 4.2.1.2. s’han mitjanat els valors de les
energies dels diferents cations radicals i dels acoblaments electronics al llarg de la
simulacié de MD per tal de tenir en compte les fluctuacions estructurals dels
sistemes. En els nostres resultats s’observa com la uni6 a la proteina nativa i la
introducci6 de la cadena lateral de glutamina entre la Gz i la G4 provoca una clara
disminucié de l'acoblament electronic entre ambdues bases al interrompre’s
I'apilament, igual que entre aquestes i la Gz, que passen de ~30 a ~12 meV (V33),
de ~7 a ~2 meV (V24) i de ~8 a ~4 meV (V34). També les energies dels cations
radicals contigus a la insercié dels residu de glutamina es veuen fortament
desestabilitzats, especialment la G4. Ambdods factors apunten cap a una clara
reduccio de la velocitat de HT a través de la seqiiencia d’'uni6, que explica la
desaparici6 del dany oxidatiu observada experimentalment a les guanines

posteriors a la inserci6 de la cadena lateral de glutamina. A través de les
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simulacions de KMC a partir de les velocitats obtingudes en aplicar la teoria de
Marcus, s’ha observat com les velocitats de HT de la G2/G3 a la G4 es veuen
especialment reduides, fet que culmina amb una disminuci6 de la velocitat de HT
global a través de tota la seqiiencia d'unio, que passa de ~2.41 (ADN) a ~178 ns. Si
s’'analitzen els resultats de les simulacions de KMC s’observa importants
diferencies respecte el sistema ADN-X no complexat a la proteina. Al sistema
d’ADN, per exemple, totes les bases tenen una energia similar i per tant hi ha una
gran varietat de camins. Al sistema ADN-X, per contra, la desestabilitzaci6 de la G3
dona clara preferencia al cami Gi1G2Gs+ (54%). En el cas de 'ADN-X unit a la
proteina nativa, la desestabilitzaci6 de la G4 juntament amb la reduccié de
I'acoblament electronic entre Gz/Gz i Gg, i la imposici6 del pas per G4 com a punt
final de lalgoritme, proporciona també una gran varietat de camins que
contribueixen al procés de HT, en els que la carrega migra de Gz a Gz i viceversa, ja
que la transferencia a G4 queda clarament desafavorida, essent el cami preferent

G1G3Gs (1%).

D’altra banda, la unié a la proteina mutant provoca un increment en els valors
resultants dels acoblaments electronics, especialment V24 i V34 si es comparen amb
els valors obtinguts per al sistema d’ADN, que passen de ~7 a ~44 meV i de ~8 a
~16 meV, respectivament. La variaci6 en 'acoblament entre la Gz i la G4 és degut
probablement a la millora de les interaccions m-m que proporciona la substitucié
de la citosina, en que la carrega esta deslocalitzada al voltant de 'anell de piridina
de sis atoms, per un anell de triptofan en el que la deslocalitzacio es pot estendre al
voltant dels nou atoms dels anells. Tanmateix, I'augment, en menor mesura, de
I'acoblament V34 es pot deure a la competéncia mencionada anteriorment entre la
Gz ila cadena lateral de triptofan inserida, veient-se millorat 'apilament entre la G3
i la Gs. Pel que fa a les energies, igual que en el sistema ADN-X, I'energia de la Gz es
veu clarament desestabilitzada, de manera que en simular el procés de HT
s’obtenen resultats similars amb un clara acceleraci6 en el procés si es compara
amb el sistema model d’ADN o amb el complex amb la proteina nativa, arribant a
I'ordre de ~220 ps. Igual que el sistema amb I’ADN-X, la desestabilitzacié de la Gz i
I'augment de I'acoblament electronic V24 déna una preferencia evident al cami

format per Gi1G2G4 en un 90% de les realitzacions. En conjunt, tots aquests
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resultats donen suport als resultats experimentals en que s’observava la reaparicié
de dany oxidatiu a les guanines posteriors al punt d'insercié de I'aminoacid en el
cas de la proteina mutant, i a la hipotesis de que I'origen d’aquest comportament és
degut a la regeneracié i a I'enfortiment de les interaccions m-m, mitjangant I'anell de
triptofan, interrompudes amb la insercio del residu de glutamina en unir-se a la

proteina nativa.

Per tal de estudiar i corroborar la implicacié del catié radical de triptofan en el
procés de HT en el cas de la uni6 a la proteina mutant, s’ha repetit la metodologia
emprada en un Unic residu de guanina i de triptofan en aigua. Com s’ha comentat,
el model semiempiric INDO/S utilitzat juntament amb I’aproximaci6é de Koopman's
ha estat contrastat amb calculs CASPT2 per a l'obtencié de les energies i els
acoblaments electronics en el cas de bases apilades. A partir dels valors obtinguts
per aquests residus aillats, s’ha comprovat que els nostres resultats
sobreestimaven en ~0.61 eV l'energia del cati6 radical de triptofan en comparar-
los amb els resultats experimentals dels potencials d’oxidacié de la guanina i el
triptofan a pH neutre. La simulacié del procés global de HT en el complex amb la
proteina mutant amb la participacié del triptofan prediu una velocitat de HT
inferior a la observada quan aquest no hi juga cap paper, pero tot i aixi, superior
que en el cas de la unid a la proteina nativa (~39.2 ns). Aquest alentiment és degut
a que 'energia del triptofan es troba molt per sota de la de la resta de guanines, fet
que, tot i el fort acoblament observat entre el triptofan i les guanines contigiies,
dificulta la transferéncia a la Gs. Tanmateix, aquests resultats concorden amb els
diferents resultats experimentals, en que s’observa la formaci6 d’un cat6 radical de
triptofan en el procés de HT, al mateix temps que es postula que el procés de HT és

veu accelerat en unir-se a la proteina mutant Q237W.

En resum, l'estrategia emprada, que combina simulacions de MD amb calculs
QM/MM utilitzant un metode semiempiric INDO/S juntament amb I'aproximacié
de Koopman'’s i el metode de FCD, és capag de proporcionar un conjunt d’energies i
acoblaments electronics per a les diferents bases d'una seqiiencia d’ADN. Aquests
parametres poden ser utilitzats a posteriori per obtenir unes velocitats de HT a

través de varies bases d’'una seqiiencia, que proporcionen una imatge realista i
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acurada del procés de HT en diversos sistemes d’ADN no convencionals, i ADN-

proteina.
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5. Conclusions

Analisi de les funcions de densitat espectral en el complex PE545

Les funcions de densitat espectral simulades per a cada pigment en el
complexe PE545 presenten diferéncies importants en comparacié amb la
funcié de densitat espectral mitjanada sobre tots els pigments, impactant de
manera rellevant la dinamica de EET.

L’acoblament a modes vibracionals de baixa energia és el que es veu més
afectat per les diferencies en els entorns locals de cada pigment.

Les simulacions MD-QM/MMPol proporcionen resultats raonables per a
I'energia de reorganitzacié (557 cm) en comparacié amb els resultats

experimentals (539 cm'1).

Determinacio de I'estat de protonaci6 de les bilines presents en

els complexes PE545, PC577,PC612, PC630 i PC645.

Els pKas estimats per a les bilines en aigua indiquen que la desprotonaci6 es
produeix en els anells de pirrole centrals, amb valors de pKa 5.8 - 7.4.
L’entorn proteic té un impacte important en el pKa de les bilines, donant
lloc a diférencies en les propietats de protonacié d’'un mateix pigment en
diferents llocs a les ficobiliprteines estudiades.

Els pKas calculats semblen estar infraestimats ~2 unitats de pKa, ja que no
s’observen variacions apreciables en els espectres experimentals d’absorcid
fins al voltant de pH 7, essent aquests canvis atribuibles a la desprotonacid
de MBVs i DBVs no coordinats a un Glu o un Asp.

Els resultats suggereixen que totes les bilines als complexes PE545, PC577,
PC612, PC630 i PC645 es troben protonats al rang de pH fisiologic ~5-7 del

lumen.
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Propietats de captura de llum en els complexes PC577, PC612,
PC630i PC645.

L’ds d’'un camp de forces classic a l'estrategia MD-QM/MMPol indueix
errors sistematics significatius entre diferents tipus de pigments, resultant
en un rang d’energies relatives massa ampli.

L’estrategia basada en optimitzacions QM de les geometries dels pigments
aporta resultats més raonables, tot i que la no inclusi6 d’efectes termics
exagera el grau de conjugacié dels pigments de més baixa energia
infraestimant-ne les energies relatives.

En conjunt, els calculs basats en optimitzacions QM suggereixen una
mateixa escala energetica en les 4 PBPs estudiades per als pigments situats
en la cadena [, fortament conservada en aquestes algues: PCBsgzp/p <
PCB1sse/p < DBVso/618/p. Aixi, els pigments i la seqiiencia de les cadenes a

semblen ser I'origen de la variabilitat espectral en aquests complexes.

Efectes de I'’entorn en processos de CT en sistemes ADN-proteina.

189

La uni6 de I'’enzim metiltransferassa Hhal a '’ADN té un impacte important
en el procés HT, ja que la inserci6 de la Gln desestabilitza I'energia dels
cations radicals de les guanines contigiies inhibint el dany oxidatiu a
llargues distancies.

La unié a un enzim mutant que inserta un residu aromatic de Trp enlloc de
la GIn, per contra, estabilitza 'energia dels cations radicals de les guanines
contigiies a la insercid i n'augmenta 'acoblament electronic, accelerant el
procés global d’HT.

La participaci6 directa del cati6 radical Trp resulta en una velocitat d'HT
inferior a la observada quan aquest no hi participa exlicitament, pero tot i

aixi superior a la observada en el complexe amb la proteina nativa.
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Efectes de I'entorn en processos de CT en sistemes d’ADN amb

posicions abasiques.

* El camp de forces parmbscl utilitzat a les simulacions de MD és capag de
descriure les diferents conformacions adoptades pels ADN amb llocs
abasics, en acord amb varis estudis experimentals i tedrics previs.

* En seqiiencies d’ADN que contenen posicions abasiques que adopten
conformacions intrahelix, el procés d’'HT es veu alentit degut al desordre
energetic induit per la preséncia de la posici6 abasica.

* Per contra, 'adopci6 de conformacions extrahelix comporta que 'apilament
entre les bases es vegi afeblit, desestabilitzant els cations radicals de les
guanines contiglies i desencadenant asimetries en el procés d’HT, el qual es

relentitza en la direccié 5’ a 3’ i s’accelera en la direcci6é oposada.
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5. Conclusions

Analysis of spectral densities in the PE545 light-harvesting

complex.

* Individual and averaged spectral densities simulated for pigments in PE545
display large differences with an important impact on EET dynamics.

* Coupling to low-energy vibrational modes is most affected due to
differences in the local environment of each pigment.

e MD-QM/MMPol simulations provide a reasonable reorganization energy

(557 cm™1) in comparison with the experimental value (539 cm1).

Determination of the protonation preferences of bilins in the

PE545,PC577,PC612,PC630 and PC645 complexes.

* The pKas estimated for bilins in water indicate that deprotonation occurs at
the central pyrrole rings, with pKa values between 5.8 and 7.4.

* The protein environment has an important impact on the bilin pKas, giving
rise to differences in the protonation properties of a given pigment in
different locations of the PBPs studied.

* The calculated pKas seem to be underestimated by ~2 pKa units, given that
no appreciable variations in the spectra of the complexes are observed until
pH ~7, being such changes attributable to the deprotonation of DBVs and
MBVs lacking a coordinated Glu or Asp.

*  Qur results suggest that all bilins in PE545, PC577, PC612, PC630 and
PC645 are protonated at physiological pH ranges ~5-7 of the lumen.
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Light-harvesting properties of the complexes PC577, PC612,
PC630 and PC645.

The use of a classical force field in the MD-QM/MMPol strategy induces
significant systematic errors between different types of pigments, leading to
an exaggerated range of relative energies.

The strategy based on QM geometry optimizations of the pigments leads to
more reliable results, although the neglect of thermal effects exaggerates
the m-conjugation of the low-energy pigments, thus underestimating their
relative energies.

Overall, the results based on QM geometry optimizations suggest a common
energy ladder in the 4 PBPs studied for the pigments located in the {3 chains,
highly conserved in these algae: PCBsz/p < PCB1588/p < DBVs0/618/p. Thus,
the pigments and the sequence of the a chains seem to be the origin of the

spectral variability in these complexes.

Environmental effects on CT processes in DNA-protein complexes.

193

The binding of DNA to the methyltransferase Hhal enzyme has an
important impact on the HT process, as the insertion of the Gln destabilizes
radical cation energies of the surrounding guanines thus inhibiting long-
range oxidative damage.

The binding to a mutant enzyme that inserts an aromatic Trp instead of GIn
in contrast, stabilizes the energy of the radical cations on the surrounding
guanines and enhances their electronic coupling, leading to an accelerated
HT process.

The direct participation of the Trp radical cation leads to an HT process
slower compared to the situation where it does not participate explicitly,
but still faster than that observed for the complex with the wild-type

protein.
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Environmental effects on CT processes in DNA containing abasic

sites.

The parmbscl force field used in MD simulations is capable of describing
the different conformations adopted by DNAs with abasic sites, in
agreement with previous theoretical and experimental studies.

In DNA sequences containing abasic sites that adopt intrahelical
conformations, the HT process is slowed down due to the energetic
disorder induced by the presence of the abasic void.

In contrast, the adoption of extrahelical conformations leads to a weakening
of the stacking between bases, destabilizing guanine radical cations and
leading to asymmetries in the HT process, which is slowed down in the 5’ to

3’ direction and accelerated in the opposite direction.
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1. Molecular origin of quasi-harmonic modes

In the following Tables S1-S8, we report the individual rings of each bilin involved
in the d(ring), y(ring), P(ring), v(C-C) and v(C-N) displacements for each mode ana-
lyzed, thus allowing identification of those expected to be strongly coupled to the exci-
tations of the pigments. Such motions involve torsional motions d(ring) distorting the
planarity of the pyrrole rings, out of plane and in plane bendings of the rings, y(ring)
and B(ring), respectively, and v(C-C) and v(C-N) stretchings leading to ring breathing
modes. In the 500-600 and 650-750 cm™ range, such motions mostly involve (ring),
y(ring) and B(ring) displacements. In the 950-1050 cm* region, the vibrations are char-
acterized by a mix of B(ring), v(C-C) and v(C-N) distortions leading to ring breathing
modes. Finally, modes in the 1400-1500 cm™ range mostly involve v(C-C) and v(C-N)
stretchings, again leading to ring breathing modes. The correspondence between the

ring numbering and the structure of PEBs and DBVs is shown in Figure S1 and S2.

R R R R
/ "
o . = . — P °
H H N N
Ring 1 Ring 2 Ring 3 Ring 4

Figure S1: Correspondence between ring numbering and the structure of DBVs.

Ring 1 Ring 2 Ring 3 Ring 4

Figure S2: Correspondence between ring numbering and the structure of PEBs.
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Table S1. Quasi-harmonic modes of pigment DBV 19a.

Frequency (cm1) Mode 8(ring), y(ring) and f (ring)
493,66 79 3,4
521,93 80
534,69 81 3,4
544,75 82 3,4
552,56 83 2
557,15 84 3,4
563,05 85 3,4
568,99 86
573,88 87 3
576,87 88
582,79 89
585,11 90
591,68 91
594,56 92
602,85 93 3,4

8(ring), y(ring) and B (ring)
667,26 102 2,3
677,86 103 1,2
683,33 104 3
694,92 105 1
697,02 106
699,05 107
711,91 108
720,87 109
733,33 110 1,2,3,4
738,06 111 4
756,35 112 1,2

B (ring), v(C-C) and v(C-N)
947,34 127 2
957,78 128 2
958,69 129 1,2
963,29 130 1
981,23 131 1
989,92 132 1,2
1005,68 133 2,3
1009,43 134 1,2,3
1028,61 135 1,2,3
1037,16 136 4
1055,17 137 1,2,3

v(C-C) and v(C-N)

1399,43 165 2,4
1410,20 166 1,2,3,4
1417,81 167 1,2,3,4
1426,94 168 1,2,3,4
1437,39 169 1,2,3,4
1442,27 170 1,2,3,4
1455,31 171 2,34
1468,32 172 1,2,3,4
1474,35 173 2,34
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1478,78
1483,22
1493,94

174
175
176

1,2,3
1,2,3
1,3,4

Table S2. Quasi-harmonic modes of pigment DBV 198

Frequency (cm') Mode §(ring), y(ring) and B (ring)
501,12 80 3,4
519,93 81 3
529,12 82 3
529,34 83 3,4
534,35 84
546,37 85
552,23 86 3,4
559,41 87
564,00 88 1,2,3,4
567,43 89 1,2,3,4
569,37 90
573,61 91
578,99 92 2,3
591,10 93
595,15 94
604,46 95 2,34

§(ring), y(ring) and B (ring)
659,30 103 2,34
663,77 104 1,2,3,4
677,90 105 1,2,3,4
697,68 106 1,2,3,4
711,50 107 4
719,64 108 4
729,43 109
736,25 110 1
744,67 111 1,2,3
776,86 112 1,2

B (ring), v(C-C) and v(C-N)
954,40 127 2,3
977,15 128 4
989,26 129 1,2,3,4
997,22 130 1,3,4
1018,10 131 2,34
1022,46 132 1,2,3
1030,55 133 3,4
1038,32 134 1,2,3,4
1051,51 135 2,34
1059,05 136 4

v(C-C) and v(C-N)

1401,73 159 1,4
1404,90 160 1,2,4
1421,35 161 1,2,3
1426,99 162 1,2,3,4
1438,36 163 1,2,3,4
1441,63 164 1,2,4
1462,17 165 1,3,4
1462,65 166 1,2,3,4
1469,12 167 1,2,3,4
1482,64 168 1,2,3,4
1488,28 169 1,2,3
1492,94 170 1,2,3,4
1501,85 171 1,2,3
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Table S3. Quasi-harmonic modes of pigment PEBsos1c

Frequency (cm) Mode 8(ring), y(ring) and B (ring)
511,57 79 1,2,3
517,81 80 1,2
529,18 81 1,2
539,31 82 2,3,4
548,81 83 1,2,3
556,98 84 1,3,4
563,02 85 1,2
583,20 86 1,3
595,52 87
600,39 88 4

8(ring), y(ring) and B (ring)
660,91 102 1,2,3
666,91 103
678,22 104 1,2
681,58 105 1,2,4
694,64 106 2,3,4
702,16 107 1,2,3,4
722,70 108
732,69 109 1,2,3,4
752,77 110 1,2,3
757,98 111 1
765,25 112 1,2,3

B (ring), v(C-C) and v(C-N)
948,90 126 1,2,3,4
953,52 127 1
963,78 128 2,4
986,60 129 1,3
999,66 130 1,2
1011,51 131
1014,02 132 1,2,4
1020,63 133 1,4
1031,22 134 1,4
1042,89 135 1,2
1055,20 136 1,2,3,4

v(C-C) and v(C-N)

1401,87 167 1,2,4
1419,33 168 1,24
1423,79 169 1,3,4
1441,21 170 1,2,3
1451,93 171 1,2,3,4
1472,75 172 1,2,3,4
1475,23 173 2,3
1480,75 174 1,34
1486,74 175 1,2,3,4
1504,22 176 1,2,3,4
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Table S4. Quasi-harmonic modes of pigment PEBso/e1p

Frequency (cm') Mode 8(ring), y(ring) and B (ring)
510,23 79 1,4
517,45 80 3,4
525,94 81 2,3
530,17 82 2
543,02 83 2
551,56 84 3
556,48 85 3
568,08 86 2,3
570,12 87 2,34
579,56 88 1,2,3,4
582,51 89 1,2
588,46 90
591,19 91 3,4
598,52 92 1,2,3

8(ring), y(ring) and B (ring)
663,54 101 1,4
667,51 102
675,41 103 1,2
682,73 104 2
686,77 105 1,2,4
688,62 106 4
694,60 107
704,72 108 2,3,4
711,11 109
716,27 110 2,34
733,04 111 1,4
759,68 112 1,4

B (ring), v(C-C) and v(C-N)
942,10 128 2,34
971,53 129 2,4
979,21 130 2,4
994,50 131 2,3,4
1017,83 132 1
1024,10 133 1,3
1031,13 134 2,3
1039,29 135 1,2,4
1052,23 136 1,2,4

v(C-C) and v(C-N)

1402,27 166 1,2,3
1413,23 167 2,34
1416,37 168 4
1423,93 169 1,2,3,4
1427,60 170 1,4
1433,68 171 1,2,3,4
1437,55 172 1,2,4
1443,73 173 2,34
1452,18 174 2,3,4
1458,68 175 2,4
1460,06 176 2
1475,81 177 1,2,3,4
1482,54 178 1,2,3,4
1494,60 179 2,34
1496,96 180 1,3,4
1509,85 181 1,2,3,4
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Table S5. Quasi-harmonic modes of pigment PEB1ssc

Frequency (cm) Mode §(ring), y(ring) and B (ring)
504,25 76 3
514,14 77 1,2,3
518,27 78 1,2
531,49 79 2,4
542,99 80
546,38 81 2,3
556,06 82
567,90 83
572,06 84 1
576,78 85 3,4
585,64 86 1,2,3
595,54 87 1,2,3,4
602,38 88 2,4

§(ring), y(ring) and B (ring)
658,43 95 3
676,24 96 2,34
684,33 97 4
692,23 98 1,2,3
700,95 99
709,95 100
711,13 101 2,34
721,89 102 1,2,3,4
741,77 103 1,2,3,4
744,57 104 1,2,3,4
756,49 105 1,2,3,4

B (ring), v(C-C) and v(C-N)
954,37 126 1
959,14 127 1
966,61 128 1
977,20 129 1,2
984,21 130 1,3
998,23 131 1,3
1000,96 132 1,2,3
1029,93 133 1,2,3
1032,77 134 3
1062,44 135 2

v(C-C) and v(C-N)

1403,12 162 1,2,3
1406,13 163 1,34
1413,13 164 1,2,3
1423,01 165 1,2,3,4
1427,02 166 1,34
1434,66 167 1,2,3,4
144891 168 1,2,3,4
1454,70 169
1469,46 170 2,34
1470,47 171 1,2,3,4
1487,23 172 2,34
1494,04 173 1,2,4
1502,91 174 1,2,3,4
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Table S6. Quasi-harmonic modes of pigment PEBgxc

Frequency (cm) Mode §(ring), y(ring) and B (ring)
507,25 74 1,2,3
516,61 75 1,2
534,31 76 34
541,30 77
546,66 78 1
549,30 79 2,4
556,52 80 1,2,3
559,65 81
577,63 82 34
585,73 83 1,3,4
596,32 84 1,2,3
597,12 85 1,3,4

§(ring), y(ring) and B (ring)
659,17 91 1,2,3,4
670,96 92 1,234
691,17 93 2
696,70 94 1,2,3
701,10 95
704,24 96
708,06 97 1
711,41 98
725,44 99 2,34
732,35 100 2,3
749,93 101
753,36 102 2,3,4
764,48 103 1,2,4

B (ring), v(C-C) and v(C-N)
947,14 122 1,34
962,03 123 1,4
964,13 124 1,2,3
996,12 125 1,4
1004,78 126 2,3,4
1008,34 127 1,2,3
1016,25 128 4
1033,26 129 1
1049,23 130 2,34

v(C-C) and v(C-N)

1414,09 163 1,3,4
1423,19 164 1,2,3,4
1426,92 165 1,2,3,4
143591 166 1
1440,30 167 1,2,3,4
1457,18 168 1,2,3,4
1468,17 169 1
1478,04 170 1,2,3,4
1493,60 171 1,234
1499,41 172 4
1507,28 173 1,234
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Table S7. Quasi-harmonic modes of pigment PEB15sp

Frequency (cm?) Mode 8(ring), y(ring) and B (ring)
507,90 75 3,4
512,78 76 1,2,3
521,75 77 2,3
531,92 78 1,2,3,4
534,19 79 1,3,4
555,91 80 1,2,3,4
561,69 81 1,3,4
565,78 82 1
570,99 83 3
586,22 84 1,2,3,4
590,19 85 1
595,93 86
601,43 87 2

§(ring), y(ring) and B (ring)
662,46 100 3
681,66 101 2,34
690,97 102 1,3,4
693,02 103
699,84 104 1,2,3,4
711,18 105 1,2,3,4
726,59 106 1,2,3,4
733,19 107 1
743,60 108 1,2,3,4
771,49 109 1,2,3

B (ring), v(C-C) and v(C-N)
946,49 124 1,2
975,70 125 1,2,3*
979,39 126
997,60 127 2
1003,23 128 2,34
1004,82 129 1,2,3,4
1009,66 130 1,2
1019,73 131 1,2,4
1025,28 132 1,3,4
1053,96 133 2,34

v(C-C) and v(C-N)

1400,27 163 1,2,3,4
1413,32 164 1,2,3,4
1418,70 165 2,34
1428,58 166 1,2,3,4
1444,91 167 3,4
1446,91 168 1,3,4
1452,29 169 1,3,4
1471,47 170 1,3
1478,99 171 1,2,3
1486,84 172 1,2,3
1502,77 173 1,3,4
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Table S8. Quasi-harmonic modes of pigment PEBg2p

Frequency (cm) Mode 8(ring), y(ring) and B (ring)
502,38 76 1,34
515,83 77 1,2,3,4
532,29 78 1,3,4
535,59 79 1,2
548,00 80 2
554,62 81
559,38 82 34
562,60 83
574,04 84 2,34
589,12 85 3
590,59 86 1,2
595,42 87 1,2

§(ring), y(ring) and B (ring)
662,36 94 1
664,08 95 1,2,3,4
672,91 96 1,4
684,89 97
692,66 98 2,3
697,95 99
706,27 100 1,2,3,4
712,72 101 1,2,3,4
720,65 102
726,33 103 1,2
731,84 104 1,2,3,4
737,66 105 1,2,3
746,54 106 1,2,3,4
761,89 107 2,3

B (ring), v(C-C) and v(C-N)
954,36 126 1,3
975,12 127 1,3
982,89 128 2,3
994,27 129 1,3
1008,27 130 3
1014,71 131 1,2,3
1032,34 132 1,2,3,4
1042,89 133 1,2,3,4
1054,58 134 2,34

v(C-C) and v(C-N)

1405,30 165 1,2,3
1411,49 166 2,34
1432,37 167 1,4
1445,49 168 2,34
1452,28 169 1,2,3
1456,20 170 1,4
1466,07 171 1,2,3,4
1472,79 172 1,3,4
1493,30 173 1,2,3,4
1497,23 174 1,2,3,4
1500,58 175 1,3
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2. Comparison of the distribution of frequencies found with
the NMA analysis at the MM and DFT levels
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Figure S3: Comparison between QM (red) and MM (yellow) vibrational frequencies population.
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3. Hierarchical expansion of exciton dynamics
The hierarchical expansion of exciton dynamics®? for an environment described
by both over and underdamped Brownian oscillators®#, results in the coupled

differential equations

—[H, Pn(t) — Yik NikYikPn(t)

t) =
Z (Z;—i— )[Ql. [Qu Au (D]
Ly
Zj (ny +1) Clkczk
k

—Yik |/ ||cies (Ciinﬁn{k_C;kﬁn{in)- (S1)

at,on

Qi s, (®)]

The rescaled® auxiliary matrices p,,(t), are indexed by the multi-index n which has
entries ny and n = Y ny. ni, is n with entry ny - ny + 1. The reduced density
matrix of the electronic system p (with corresponding Hamiltonian H) is given by the
operator po(t) with all n;;, = 0. The operator Q; describes the coupling of the excited
state of pigment i to its local vibrational environment. The parameters c;,, c;zand y;x
are those appearing in an expansion of the correlation function characterizing the local
environment of pigment i, C;(t) = X;c;e k. For an underdamped (v, < 2w, )

Brownian oscillator this reads®

CBO(t) — CBO -yt + CBO -yt + Z BO —ykt’ (SZ)
. BO _ Br* . Bo _ _ 4Aquw§ Yk + _ Vg,
with c£° = +i1,—* 2 [cot( > ) l], Cir, = 5 (iR i yr=5%idg,

Matsubara frequencies y, = 2k /f and shifted frequency {,,/wz — vz /4. In equation
(S1) c;% refers to the coefficient of the corresponding term with complex-conjugate
exponent. Here if ¢, = c4, cg = cx and c; = ¢, if the exponent is real.

In the over-damped limit (v, > 2w,), this reduces to the Drude form C?(t) =

cdet + YK _ cPevit with ¢ = ApQp[cot(Qp/2) —i], P = _%%#fyﬁ and

cut off frequency Qp = wz/v,. When including both Brownian and Drude type

components the Matsubara part of the expansions can be combined, The Matsubara
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expansion is truncated at level K, while the hierarchy of equations itself is truncated at

Ievel N = Zik Nik-

4. Electronic and vibrational parameters
The electronic parameters for the high and low energy subunits are taken from the
results of QM/MMPol calculations with site energies adjusted to better reproduce linear

spectra’
PEBsg/60c PEBsg/60a DBV,

o — (19450 717 22
high 71.7 19050 —39.3 (S3)

2.2 —39.3 18000

PEBg,. PEBg,,; DBV,

4. _ (18550 40  —114 (S4)
low <4.0 18050 34.3)

—-11.4 34.3 18000
For the continuous component part of the spectral density we use {A1,, Qp} = {36,32}

cm~ ! in the PEBsoss1 dimer, {20,31} cm! in the PEBs, dimer and {80, 42} cm™* for the
DBV.. The bilins in the high energy unit are all coupled to a vibrational mode with
parameters {A,, wg, v, } = {17.68,1044,31} cm™.

In the low energy subset, the PEBs> pair is coupled to an underdamped mode
with parameters {1,, wg, ¥4} = {8,529,33} cm™* while the DBV. is coupled to a mode
with parameters {22, 552.5,65.5}cm™1.
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Table S1. Electronic energies, free energy corrections and solvation free energies computed for
pyridine, imidazole and their conjugated acids.

X ESCS—MPZ/CBSa AECCSDa Gcorra AGsol,MSTb AGsol,SMDb
Pyridine
X -247.8279 -0.0568 0.0596 -4.3 -4.6
XH" -248.1942 -0.0579 0.0733 -58.0 -58.4
Imidazole
X -225.8370 -0.0461 0.0433 -10.0 -8.5
XH' -226.2080 -0.0482 0.0571 -64.9 -62.1

“Energies in hartree. "Solvation energies in kcal/mol.
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Table S2. Electronic energies, free energy corrections and solvation free energies computed for
deprotonated bilins on different pyrrole rings (A-D) as well as the fully protonated form (H").

Ring Escs-mp2/cBS AEccsp® Georr' AGsy; MSTb AGgy; SMDb
PEB
A -1532.7499 -0.3571 0.5389 -17.1 -20.9
B -1532.7769 -0.3533 0.5397 -12.0 -15.6
C -1532.7802 -0.3535 0.5413 -11.7 -14.2
D -1532.6879 -0.3540 0.5391 -34.1 -40.3
H -1533.1724 -0.3557 0.5525 -49.8 -53.8
PEB'
A -1572.7225 -0.3737 0.6034 -16.8 -20.5
B -1572.7477 -0.3700 0.6037 -10.7 -14.9
C -1572.7507 -0.3702 0.6046 -10.5 -13.5
D -1572.6558 -0.3710 0.6040 -34.4 -40.0
H' -1573.1437 -0.3726 0.6179 -49.1 -53.7
DBV
A -1531.5222 -0.3505 0.5150 -18.0 -21.9
B -1531.5608 -0.3456 0.5152 -11.8 -15.2
C -1531.5641 -0.3462 0.5171 -11.6 -14.2
D -1531.4713 -0.3469 0.5132 -33.0 -39.1
H' -1531.9536 -0.3484 0.5274 -50.4 -54.4
DBV'
A -1571.9913 -0.3672 0.5791 -17.0 -22.0
B -1572.0302 -0.3624 0.5791 -10.8 -15.2
C -1572.0335 -0.3630 0.5799 -10.5 -14.0
D -1571.9406 -0.3636 0.5798 -30.9 -38.4
H -1572.4240 -0.3653 0.5920 -49.2 -54.0
PCB
A -1532.7702 -0.3533 0.5395 -16.4 -19.1
B -1532.7942 -0.3497 0.5412 -10.9 -14.0
C -1532.7940 -0.3494 0.5412 -10.8 -13.9
D -1532.7569 -0.3541 0.5396 -17.4 -19.9
H -1533.1937 -0.3525 0.5535 -45.7 -49.8
MBV
A -1531.5408 -0.3463 0.5155 -16.5 -19.5
B -1531.5777 -0.3417 0.5163 -10.4 -13.5
C -1531.5776 -0.3417 0.5158 -10.3 -13.5
D -1531.5394 -0.3463 0.5137 -17.3 -20.0
H' -1531.9740 -0.3449 0.5285 -46.6 -50.1

“Energies in hartree. "Solvation energies in kcal/mol.

S2-3



Table S3. Acid dissociation constants computed using PROPKA for bilin pyrrole rings B and C
in their specific protein environments based on the crystal structure.

pKq (B) pKq(€)
PES45 (o.foup)
DBVioa 5.6 5.1
DBV 5.5 5.0
PEBsoss1c 8.1 6.8
PEBssc 7.4 6.9
PEBg)c 6.8 6.5
PEBsos1p 7.6 7.2
EBissp 5.7 5.2
PEBg:p 6.9 6.6
PC577 (apoap)
PCByoa 7.9 7.8
DBVso618 7.6 6.7
PCBissp 7.9 8.1
PCBgsyp 7.1 7.4
PCB2oc 7.9 7.8
DBVsy61p 7.7 6.7
PCBissp 7.8 8.1
PCBsp 7.1 7.3
PC612 (afoap)
PCBaoa 8.0 8.0
DBVsy618 7.5 6.5
PCBissp 7.8 8.1
PCBgssp 7.0 7.4
PCBaoc 8.0 8.1
DBVsy61p 7.7 6.6
CBissp 7.9 8.2
PCBsp 7.2 7.4
PC630 (apa.p)
MBV 9a 5.7 4.9
DBVsy618 7.3 6.7
CBissp 7.8 7.9
PCBgsyp 7.1 7.3
MBV 9c 5.1 4.7
DBVsy61p 7.1 6.4
CBissp 7.7 8.1
PCBsp 7.0 7.3
PC645 (a.pa.p)
MBV 9a 5.9 5.2
DBVso618 7.3 6.7
CBissp 7.8 8.1
PCBgsyp 7.2 7.4
MBV 9c 52 4.7
DBVsy61p 6.9 6.1
CBissp 7.7 8.2
PCBsp 6.9 7.4
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Table S4. MD-averaged acid dissociation constants computed using PROPKA for the propionic
groups linked to pyrrole rings B and C of the bilins in their specific protein environments.

pK, (B)' PK4(C)°
PES45 (o.foup)
DBV s 3.7 5.0
DBV ¢ 3.6 43
PEBsgs1c 4.9 4.6
PEBjssc 4.3 2.7
PEBg)c 2.7 3.6
PEBsg61p 4.8 4.2
EBissp 4.5 4.1
PEBg:p 3.5 34
PC577 (afop)
PCByoa 3.0 2.7
DBV50/613 3.7 4.3
PCBissp 4.3 3.7
PCBg2p 3.8 32
PCByc 3.5 2.7
DBV50/61D 3.6 4.0
PCBissp 4.3 3.8
PCBsop 3.8 34
PC612 (afoap)
PCByoa 4.8 2.5
DBVso618 4.2 4.5
PCBissp 4.4 4.1
PCBg2p 34 3.5
PCByc 4.9 2.8
DBVs61p 4.3 4.6
CBissp 4.4 3.8
PCBsop 3.6 3.5
PC630 (a.faP)
MBVga 3.6 2.7
DBVs618 4.5 4.6
CBissp 4.4 3.6
PCBg2p 3.7 33
MBV oc 3.8 3.0
DBVsy61p 4.0 4.4
CBissp 4.3 3.6
PCBgop 2.9 34
PC645 (a.pa.p)
MBVga 4.7 3.0
DBVs618 4.7 4.7
CBissp 4.3 3.9
PCBs2p 3.9 34
MBV oc 3.9 2.9
DBVs61p 4.7 43
CBissp 4.4 3.7
PCBsop 3. 3.2

*Values are averaged over PROPKA calculations where the central pyrrole ring is assumed to
deprotonate either on ring B or C, which present minor differences below 0.2 pK, units in all
cases.
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Table S5. MD-averaged acid dissociation constants computed using PROPKA for residues

interacting with bilin central pyrrole rings in their specific protein environments.

pK, (B)' PK. (€Y
PES45 (o.foup)
DBV s His16A° 4.6 4.5
DBV His16B° 3.8 3.7
PEB50/61C ASp54C 4.6 4.8
PEBjssc Asp39C 5.1 5.0
PEBg,c Asp85C 5.0 5.1
PEBsg61p Asp54D 3.8 3.9
EB]SgD ASp39D 6.9 6.8
PEBgop Asp85D 5.1 5.2
PC577 (0pap)
PCByoa Glul6A 4.3 4.3
DBVs50618 Asp54B 4.6 4.6
PCB15gB ASp39B 53 5.2
PCBg:s Asp85B 4.9 5.0
PCBzoc Glu16C 4.6 4.5
DBV50/61D ASp54D 4.7 4.7
PCB158D ASp39D 53 53
PCBgp Asp85D 4.8 5.0
PC612 (apop)
PCByoa Glul6A 4.0 4.0
DBVs5p618 Asp54B 4.8 4.8
PCB15SB ASp39B 53 5.2
PCBg:» Asp85B 4.9 5.0
PCBzoc Glul6C 4.6 4.6
DBVso61p Asp54D 4.8 4.9
CB158D ASp39D 5.6 5.5
PCBgyp Asp85D 4.9 5.0
PC630 (cLpoup)
MBV 94 - - -
DBVs5p618 Asp54B 4.6 5.0
CB15SB ASp39B 6.8 6.7
PCBg:» Asp85B 4.8 4.9
MBVlgC HiSZZA(l 7.4 7.4
DBVso61p Asp54D 3.3 3.7
CB158D ASp39D 4.6 4.5
PCBgyp Asp85D 4.9 5.0
PC645 (a.pa.p)
MBV 94 - - -
DBVs5p618 Asp54B 4.8 53
CB15SB ASp39B 5.6 5.5
PCBg:» Asp85B 4.8 5.0
MBV ¢ His21A“ 7.6 7.6
DBV50/61D ASp54D 4.0 4.3
CB158D ASp39D 4.4 4.3
PCBgyp Asp85D 4.9 5.0

“Values computed assuming deprotonation on bilin pyrrole ring B. "Values computed assuming
deprotonation on bilin pyrrole ring C. ‘Histidines in PE545 interacting with DBV central pyrrole
rings through a water molecule as shown in Fig. Sla.® Histidines in PC630 and PC645
interacting with a propionic group of MBV in chain C and Glu26A/Glu25A, respectively, as

represented in Fig. S1b.
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Figure S1. Representation of the environment surrounding bilin pigments. a) DBV 94 pigment
in the PE545 complex with central pyrrole rings interacting with His16A through a water
molecule. b) MBV ¢ pigment in the PC645 complex with a propionic group and Glu25A
interacting with His21A and central pyrrole rings interacting with a crystallographic water.
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Figure S2. Normalized absorption spectra of cryptophyte antenna complexes at different pH
values. a) PE545, b) PC577, ¢) PC630 and d) PC645.
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Table S1. Reorganization energies of the pigments
in the open conformation PBP. All values in cm™.
PC577 PC612
Chromophore | A | Chromophore A
DBVSO/é]B 658 DBVSO/é]B 1 199 a
DBVspeip | 688 | DBVsosin 891*
PCB2oa 464 PCB2oa 418
PCBisss 458 PCBissp 444
PCBs»s 656 PCBgssp 440
PCB2oc 460 PCB2oc 427
PCB158D 487 PCB158D 426
PCBsap 588 PCBsop 494
“Spectral simulations performed using values for PC577.

Table S2. Reorganization energies of the pigments
in the close conformation PBP. All values in cm™,

PC630 PC645
Chromophore A | Chromophore | A
DBVs0/618 > DBVsoeis | 689

DBVSO/é]D 572 DBVSO/é]D 590
PCBisss 563 PCBissp 414
PCBsss 496 PCBgsss 416
PCB158D 645 PCB158D 612
PCBsap 431 PCBsap 417
MBV 9a 1366 MBV oa 677
MBYV 9c 664 MBV 9c 350
*Spectral simulations performed using values for MBV oc.
®Vertical gradient calculation failed for this pigment.
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Table S3. Site energies (cm™), transition electric dipole moments (debies) and centers
(A) for the PC577 using the MD-QM/MMPol approach.

Chromophore | Site energy Ly Uy A U X y z
DBVsg618 19605.9 -9.955 5.165 -5.105 12322 60.979 43.200 38.444
DBVs61p 19357.7 5.018 -2.139 11.275 12.525 45.748 34.894 30.300

PCBjoa 16416.5 -2.036  -13.138  -5.128 14.249 37.047 59.154 44.300
PCB;ssp 16083.4 | 10.880 7205  -5.977 14353 41.177 38345 59.578
PCBg;5 14926.6 9.493  -5488 -10.412 15.121 51.021 65.274 32.272
PCB;oc 15088.3 7.505  -6.981 -10.911 14.971 44.348 20.793 50.566
PCBjssp 15330.1 4.150 -14.060 -4.188 15246 59.942 44841 61.771
PCBg:p 15358.0 8.583 5259 -11.450 15245 26.084 47294 32.173

Table S4. Site energies (cm™), transition electric dipole moments (debies)
(A) for the PC612 using the MD-QM/MMPol approach.

and centers

Chromophore | Site energy Ly Uy A U X y z
DBVsg18 18983.5 6.456 9.817 -4.801 12.693 37.881 41900 61.910
DBVso61p 19478.6 -8.494  -8.624 -2.733 12.409 59.145 42.269 54.808

PCBjoa 154372 | 12397  -7.359 -2.730 14.673 41.160 60.076 35.926
PCBjssp 15445.4 1.987  -2.091 14.649 14900 41.295 31.198 32.715
PCBgzp 14971.1 6.837 -10.504 8244 14930 35283 64975 55.834
PCB;oc 15125.6 -8.965 5.466 10.571 15.055 55.538 21.710 42.612
PCB;ssp 15549.9 6.516  -1.938 13.433 15.001 26.272 31.032 44.177
PCBsp 15436.1 -0.279 7.579 13.119 15.154 60.509 58.009 37.266

Table S5. Site energies (cm™), transition electric dipole moments (debies)
(A) for the PC630 using the MD-QM/MMPol approach.

and centers

Chromophore | Site energy Ly Uy A u X y z
DBV5g618 17751.6 -5.355  -3.779  11.295 13.059 49.835 41.492 38.991
DBVsg61p 18724.3 7.465 2.587 -9.891 12.659 48.607 37.401 54.929
PCBssp 14862.1 8.626 -10.752 -6.161 15.099 27.976 33.150 47.428

PCBgsp 14550.5 15264  -1.627 -1.562 15.322 70.938 37.144 44.280
PCBissp 15188.5 -6.575 -13.824  0.647 15.430 44.565 63.788 34.552
PCBg:p 15603.0 | -14.565 -4.431 -0.470 15.231 50.242 56.591 68.608
MBV 94 14955.4 11.533  -2.405 9.617 15.208 28.533 48913 59.734
MBV gc 14977.4 | -11.772 0.778 -9.634 15232 67.723 57.114 40.020

Table S6. Site energies (cm™), transition electric dipole moments (debies) and centers
(A) for the PC645 using the MD-QM/MMPol approach.

Chromophore | Site energy Ly Uy A U X y z
DBVso618 17280.2 8.815 0.119 5943 10.632 37.553 42.879 49.564
DBVso61p 18484.4 -7.980  -1.487 -10.096 12955 52.487 39.046 56.829
PCB;ssp 15329.0 -7.690 -12.728  -1.096 14911 40.615 49.241 73.492

PCBgap 14826.0 4.530 -10.304 -10.147 15.193 45.668 25.852 37.200
PCB;ssp 15055.2 -2.716  -7.513 12923 15.155 37.419 63.739 38.908
PCBsp 14912.5 -4.794 5979 13.544 15562 70.155 52.153 48.364
MBVg4 15252.7 10.969  -8.614 -5.721 15.075 55.625 61.063 66.758
MBV gc 14580.6 | -10.679 8.938 6.526 15379 45.830 43.194 27.272

S3-3



Table S7. Site energies (cm™), transition electric dipole moments (debies) and centers
(A) for the PC577 using the QM/MMPol/ddCOSMO approach.

Chromophore | Site energy Ly Wy A U X y z
DBVso618 19780.4 4.791 12.217 1.489 13.207 -0.285 -5.817 -10.358
DBVso61p 19831.2 4224 -12.469 -0.793 13.189 -0.671 5.899 7.771

PCByoa 18962.5 -8.25 258 11.302 14229 24573 11.079  -8.369
PCBissp 18963.3 -7.299  -1.972 -11.968 14.156 23.251 -12.261 7.567
PCBg;5 18452.0 | -13.831 -3.202  -1.451 14271 11.271 12.117 -23.012
PCB;oc 184149 | -13.643 3.988 0.656 14.229  9.044 -12.485 21.345
PCBjssp 18215.6 | -13.109  -2.318 6.6 14.859 16.826 -20.867 -7.923
PCBsop 18299.5 | -12.253 2.816  -7.813 14.802 17.232 20.102 6.798

Table S8. Site energies (cm™), transition electric dipole moments (debies) and centers
(A) for the PC612 using the QM/MMPol/ddCOSMO approach.

Chromophore | Site energy Ly Uy A u X y z
DBVsg618 19875.6 11.72 5.89 2282 13314 -59.764 26.742 -11.038
DBVsg61p 19900.6 -5.735 -11.65 -2.934 13.312 -51.264 33.199 9.192

PCByoa 18585.9 -3.827 4847 13.071 14456 -29.398 22.173  -9.357
PCBissp 18758.5 -7.164 4351 -11.551 14.272 -46.010 3.649 3.448
PCBgyn 18812.5 | -11.893 729  -1.142 13996 -39.138 34.317 -22.022
PCBsoc 18886.7 -7.525 11.444 3.185 14.062 -57.241 11275 18.458
PCBjssp 18209.2 | -11.359  5.402 7.797 14799 -56.860  3.955 -11.998
PCBg:p 18398.7 -6.348  11.87 -5937 14.712 -28.370 31.353 7.460

Table S9. Site energies (cm™), transition electric dipole moments (debies) and centers
(A) for the PC630 using the QM/MMPol/ddCOSMO approach.

Chromophore | Site energy Lx Ly L,
DBV5g618 20027.2 | -11.709 7.155  -0.607 13.735 22.686 11.794 151.453
DBVso61p 20277.2 9.795  -8.466 2.585 13.202 10.771 21.814 157.681
PCBsg 19027.1 0.178 -13.488 3.642 13972 5840 20.890 135.735
PCBgp 18722.2 | -12.949  -1.909 -5485 14.192 22.722 6.855 172.776
PCB;ssp 18026.1 0918 -8.280 12.342 14.890 41.260 24.993 145.168
PCBsp 17918.8 -7.792  -0.402 -12.680 14.888 18.046 42.402 165.018
MBV g4 16594.4 -6.163 1.271  13.725 15.099 11.694 39.175 142.042
MBV 9c 16650.1 2475  -3.723 -13.958 14.656 39.391 17.110 167.644

Table S10. Site energies (cm™), transition electric dipole moments (debies) and centers
(A) for the PC645 using the QM/MMPol/ddCOSMO approach.

Chromophore | Site energy Lx Ly L,
DBV5g618 20057.1 -4.717 -12.853 1.505 13.774 21.341 3.420 27.810
DBV561p 20404.7 6.600 11.536 0.155 13.291 15.233  -9.134 33.531
PCBjssp 18689.1 13.399 3.784 2475 14.141 14.707 -15912 14.238
PCBgp 18500.4 4272 -12.881 -4.598 14329 28.416 6.079 46.202
PCBjssp 17584.9 8.585 3.561 11.541 14.818 5773 16.729 20.137
PCBsp 17560.7 0.712  -7.612 -12.624 14.759 -3.153 -6.211 44.469
MBVg4 16878.3 1.891  -2.859 14.032 14.445 -2.688 -15.985 21.231
MBV ¢ 16815.4 1.405 2.506 -14.329 17.209 20.479 41.849
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Table S11.. Total couplings (upper) and screening factors to the couplings (lower)
for the PC577 using the MD-QM/MMPol approach. All values in (cm1).

s\ Viot DBVso/618° DBVso/sip PCB20a PCBisgg PCBg2g PCB2oc PCBisgp PCBsgap
DBVso/618 12.75 20.96 24.02 -46.63 -6.24 -6.56 18.75
DBVso/610 0.1 -6.59 -7.17 18.80 19.70 22.89 -48.39
PCB20a 0.6 1.2 101.14 18.17 1.65 -1.46 2691
PCB1ss8 0.6 0.6 0.6 20.32 -091 7.96 9.73
PCBs2B 0.6 0.6 0.8 0.7 28.61 7.07 0.15
PCB2oc 1.2 0.5 0.4 - 0.5 81.14 17.04
PCB1ss8p 0.6 0.7 - 0.7 1.0 0.6 19.89
PCBs2p 0.6 0.6 0.5 0.8 - 0.8 0.7

Table S12. . Total couplings (upper) and screening factors to the couplings (lower)
for the PC612 using the MD-QM/MMPol approach. All values in (cm1).

s\ Viot DBVso/618° DBVso/sip PCB20a PCBisgg PCBg2g PCB2oc PCBisgp PCBsgap
DBVso/618 -7.3 7.5 244 -43.8 -7.9 -3.2 17.0
DBVso/610 -0.3 -6.2 -3.1 17.1 16.3 254 -454
PCB20a 0.6 1.1 129.2 13.4 -6.7 -4.3 6.5
PCB1ss8 0.6 0.6 0.5 20.1 -1.4 7.2 5.5
PCBs2B 0.6 0.6 0.8 0.7 29.5 7.4 1.0
PCB2oc 1.1 0.6 1.2 - 0.6 114.5 16.8
PCB1ss8p 0.6 0.6 0.5 0.7 1.0 0.6 20.3
PCBs2p 0.6 0.6 0.6 1.0 - 0.8 0.7

Table S13. . Total couplings (upper) and screening factors to the couplings (lower)
for the PC630 using the MD-QM/MMPol approach. All values in (cm™1).

S\ Viot DBVso/618 DBVso/610 PCB1sgg PCBszs PCBisgp PCBszp MBViga MBVioc
DBVso/618 340.2 20.7 -44.3 20.4 19.1 15.7 -44.5
DBVso/610 0.6 14.9 22.1 215 -484 -43.5 10.7
PCBisss 0.6 0.6 18.7 11.6 -124 1193 1.9
PCBszs 0.6 0.6 0.6 -12.8  -14.4 19.6 54.9
PCBissp 0.5 0.5 0.6 0.6 18.7 1.9 1134
PCBszp 0.6 0.6 0.6 0.7 52.5 18.4
MBV19a 0.6 0.6 0.6 0.7 - 0.6 -3.90
MBV19c 0.6 0.6 - 0.5 0.6 0.7 0.7

Table S14. . Total couplings (upper) and screening factors to the couplings (lower)
for the PC645 using the MD-QM/MMPol approach. All values in (cm1).

S\ Viot DBVso/618 DBVso/s1p PCBisgg PCBgag PCBisgp PCBgap MBViga MBVigc
DBVso/618 312.1 51 -21.0 12.7 14.2 14.5 -31.0
DBVso/610 0.5 17.5 20.5 164 -47.0 -39.1 13.4
PCB1ss8 0.6 0.6 13.3 104 -13.4 111.8 1.6
PCBs2B 0.6 0.6 0.7 -14.4  -10.2 19.2 52.4
PCB1ssp 0.5 0.5 0.6 0.6 16.9 1.2 1119
PCBs2p 0.6 0.6 0.6 0.7 0.7 53.9 18.9
MBVioa 0.7 0.6 0.5 0.7 - 0.5 -3.34
MBVigc 0.6 0.6 - 0.5 0.6 0.7 -
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Table S15. Total couplings (upper) and screening factors to the couplings (lower)
for the PC577 using the QM /MMPol/ddCOSMO approach. All values in (cm1).

s\ Viot DBVso/618 DBVso/sip PCB20a PCBisgg PCBg2g PCB2oc PCBisgp PCBsgap
DBVso/618 -18.5 19.0 279 -52.1 -129 -0.7 209
DBVso/610 -1.0 -13.3 -1.5 20.6 18.6 28.1 -52.5
PCB20a 0.5 1.1 75.0 16.8 -7.2 2.8 26.8
PCB1ss8 0.6 0.4 0.5 14.0 2.7 49 6.3
PCBs2B 0.6 0.6 0.7 0.6 26.0 6.2 2.4
PCB2oc 1.2 0.5 1.7 0.9 0.6 78.5 16.6
PCB1ssp 0.2 0.6 0.9 0.6 0.6 0.5 13.7
PCBs2p 0.6 0.6 0.6 0.6 0.4 0.7 0.6

Table S16. Total couplings (upper) and screening factors to the couplings (lower)
for the PC612 using the QM /MMPol/ddCOSMO approach. All values in (cm1).

s\ Viot DBVso/618 DBVso/sip PCB20a PCBisgg PCBg2g PCB2oc PCBisgp PCBsgap
DBVso/618 -16.2 15.7 275 -52.1 -14.0 -1.3 19.0
DBVso/610 -0.8 -12.8 -0.8 19.0 15.0 284 -51.6
PCB20a 0.5 1.2 78.9 16.7 -10.7 1.4 24.6
PCB1ss8 0.6 0.3 0.5 13.7 1.9 4.8 4.4
PCBs2B 0.6 0.6 0.7 0.6 28.1 4.8 1.9
PCB2oc 1.1 0.5 1.5 1.1 0.6 74.6 17.6
PCB1ssp 0.5 0.6 2.2 0.6 0.6 0.5 13.5
PCBs2p 0.6 0.6 0.6 0.6 0.3 0.7 0.6

Table S17. Total couplings (upper) and screening factors to the couplings (lower)
for the PC630 using the QM /MMPol/ddCOSMO approach. All values in (cm1).

s\ Viot DBVso/618 DBVso/s1p PCBisgg PCBgag PCBisgp PCBgap MBViga MBVigc
DBVso/618 212.7 25.8 -48.0 27.7 18.4 11.2 -46.6
DBVso/610 0.4 26.4 20.5 309 -51.3 -48.8 9.1
PCB1ss8 0.6 0.5 11.9 8.7 -114 68.4 3.0
PCBs2B 0.5 0.5 0.5 -9.8 -9.2 17.7 56.4
PCB1ssp 0.4 0.5 0.5 0.5 12.5 3.4 72.7
PCBs2p 0.5 0.5 0.5 0.6 0.5 55.8 16.0
MBVioa 0.5 0.6 0.5 0.6 0.5 0.5 -4.8
MBVigc 0.6 0.5 0.6 0.5 0.5 0.6 0.6

Table S18. Total couplings (upper) and screening factors to the couplings (lower)
for the PC645 using the QM /MMPol/ddCOSMO approach. All values in (cm™1).

S\ Viot DBVso/618 DBVso/610 PCB1sgg PCBszs PCBisgp PCBszp MBViga MBVioc
DBVso/618 238.0 28.7 -46.9 27.4 18.7 13.4 -46.8
DBVso/610 0.4 24.8 19.9 30.8 -494 -50.4 8.2
PCBisss 0.5 0.5 11.8 9.7 -10.1 76.9 2.9
PCBszs 0.5 0.5 0.6 -10.1 -7.9 16.6 54.6
PCB1ssp 0.4 0.5 0.5 0.5 12.1 3.5 79.7
PCBszp 0.5 0.5 0.5 0.6 0.6 56.0 16.4
MBV19a 0.6 0.6 0.5 0.6 0.6 0.5 -4.6
MBV19c 0.6 0.5 0.6 0.5 0.5 0.6 0.7
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Molecular Dynamics Simulations

Four systems were studied (DNA, DNA-X, DNA-X bound to the WT and Q237W mutant
enzymes). The starting DNA duplex structure was created with standard B-DNA fibre
coordinates using the NAB module of the Amber12 suite of programs!” and adopting the
sequence of the Ru-1 assembly described in Ref. . This duplex was modified in order to delete
a cytosine nucleobase and generate the abasic X site (DNA-X system). The unmodified duplex
was also retained (DNA system) in order to assess the impact of the X gap in the DNA HT
properties. The structure of the native Hhal enzyme was based on the X-ray crystal structure
reported (Protein Data Bank ID code 1MHT) at 2.8 A resolution,’™ where the DNA duplex was
substituted by the DNA-X system just described (WT system). In the Q237W mutant, the
GIn237 was substituted by a tryptophan (Q237W system). Protonation states of all titratable
residues were computed at neutral pH using the automated PROPKA server™, indicating a
standard ionization state for all residues. Systems were solvated in a truncated octahedron box
with TIP3P"® water molecules at 14 A marginal radius and sodium ions were added to obtain
neutral systems, using the Leap module of the Amber package[”. The protein and the nucleic
acids were described using the ff99SBP®M! and the parmbsc0® AMBER force fields,
respectively. In addition, we performed MD simulations of a single guanine nucleobase and a
tryptophan in water solution, in order to calibrate the relative oxidation energies of both
molecules.

The solvent and counterions of the 4 systems considered (DNA, DNA-X, WT and Q237W) were
first minimized during 1000 steps, and then the full systems were further minimized for 2500
steps. In the Q237W system, the latter minimization step included constraints (500 kcal/mol-/i\z)
on the nucleobases and the inserted Trp237 in the binding domain (See Fig. 2). Then, the DNA
and DNA-X systems were gradually heated up to 300 K with weak constraints in the nucleic
acids (10 kcal/moI-Az) at constant volume during 200 ps. Simulations were then extended for
200 ns (P = 1 bar, T = 300 K). The WT system was gradually thermalized up to 300 K at
constant volume during 200 ps, applying distance restraints over the three hydrogen bonds
involving GIn237 and G3 and the hydrogen bond involving GIn237 and Serg7.” Finally, 200 ns
of unrestrained MD simulation (P = 1 bar, T = 300 K) were carried out. On the other hand, the
Q237W system was gradually thermalized up to 300 K during 50 ps with constraints (10
kcal/moI-Az) in the nucleobases and the Trp237 in the binding domain, followed with 150 ps
performed by eliminating the constraints in the Trp237, but including distance restraints (20
kcal/moI-Az) between the Trp237 and the G, and G; sites, and dihedral angle restraints (20
kcal/moI-Az) in order to maintain the stacked orientation of Trp237. The simulation was then
extended for 200 ns (P = 1 bar, T = 300 K), gradually releasing all restraints along the first 15
ns. Finally, the free guanine and tryptophan systems were initially energy minimized for 1000
steps, then thermalized up to 300 K at constant volume during 20 ps, and subsequently we
extended the simulation for 50 ns (P = 1 bar, T = 300 K) for production purposes.

All runs were performed with Amber12"! using an integration time step of 2 fs in conjunction
with SHAKE algorithm to restrain all bonds involving hydrogen, periodic boundary conditions,
the Particle Mesh Ewald approach, and a nonbonded cutoff equal to 10 A.

The mutual arrangement of neighboring base pairs in the different systems along the MD
simulations were characterized by six base pair step parameters (BPSP, see Fig. S10), three
translations (rise, shift and slide) and three rotations (twist, tilt and roll), as well as the stacking
overlap between adjacent pairs, using the x3dna software package.'” The reference
configuration for a B-DNA describes 0.0, -0.2 and 3.4 A shift, slide and rise parameters, and 0°,
-3° and 36° tilt, roll and twist angles, respectively.m] We could not determine BPSP parameters
for the binding domain due to the missing cytosine base.

S4-2



Quantum-mechanical calculations

Quantum-chemical calculations were performed using the semiempirical INDO/S method!'*"?

on 1000 structures extracted each 10 ps along the last 100 ns of the MD trajectories. The
INDO/S method has been shown to provide a reliable description of electronic couplings of
stacked nucleobases.™ In particular, quantum-chemical calculations were performed on a
model system comprising the nucleobases in the binding domain (except the X abasic site) plus
the GIn (wild-type) or Trp (Q237W mutant) residues inserted into the DNA pocket, as shown in
Fig. 1, given that experiments indicate that HT transport along the DNA stack toward the binding
site is not the rate-limiting step of the process 2l Such models were created by deleting sugar
and backbone atoms, where the C1' atom of the sugar moiety was replaced by a hydrogen
atom with the bond length adjusted to 1.08 A. Electrostatic embedding effects exerted by the
environment, including protein, DNA, solvent and counterions, were considered adopting the
charges as defined in the force field used for the MD simulations.

For structures of the WT system, four electronic states of the lowest energy corresponding to
hole states on the G sites were analyzed. In the Q237W mutant, a further state corresponding
to the tryptophan radical cation was also included. These states represented by four or five
highest-occupied molecular orbitals (HOMOs) of the neutral species (HOMO—HOMO-3/HOMO-
4) are associated with each of the four guanine bases in the stack and the tryptophan. HT
coupllngs between the states were estimated using the Fragment Charge Difference method
(FcD)!

(EZ_E1)|A‘]12|

VDA =
\/ (Agq, -Aq,)" +4Aq,

(1)

For HT, the adiabatic splitting E; - E1 can be estimated through the one-electron energies of the
highest occupied molecular orbitals (HOMOs) of neutral systems. In Eq. (1), Agy and Aq, are the
difference of hole charges on the donor and acceptor sites in the adiabatic states of interest,
Aqq2 is the corresponding off-diagonal term. The calculation of these quantities as well as
underlying approximations are described in detail in Ref. 1% andl™®,

Estimation of HT rates

Hole transfer rates were estimated for all forward and reverse HT reactions shown in Fig. 3
using Marcus Theory:

2 1 _ 042
_7T| |2 e~ (A+46°%) /4AkgT (2)

Kom =
HT = p JamkgTA

In Eq. (2), AG’ is the driving force of the charge transfer reaction. We estimate this driving force
from the energy difference between the donor/acceptor ionization potentials, A is the
reorganization energy, composed by the internal (AinY) and the solvent (As) terms. We assume a
value of 0.7 eV in all cases."" For charge transfer in biomolecules, A is usually assumed to be
in the range of 0.5 to 1.5 eV. For the simulation of each HT rate, we used the energies and
squared couplings averaged over 1000 structures sampled along the MD trajectories.

Kinetic Monte Carlo Algorithm

We estimated the effective rates and the paths of the overall HT processes from G4 to G, for
each system adopting a Kinetic Monte Carlo algorithm."® These two guanines are separated by
a distance of ~12 A. The rates estimated by Eq. (2) were used to generate a cumulative
probability distribution function (CPD) for each possible step. This function is associated with a
transition i — n according to Eq. (3), where Y., k;,,, is the sum of transfer rates from the same
origin (/).
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The Monte Carlo hopping algorithm can be summarized in 5 steps: 1. Compute the CPD
function for each allowed pairwise transfer; 2. Start at site i (G1) and choose a random number 0
< ry £ 1 and hop to site j, where CPDj 2 r; > 0 ; 3. Compute the waiting time t, at site /,
generating a new random number 0 < r, < 1 as t, = —(In (13)/Xmkim); 4. Choose a new
random number and repeat steps 2 and 3 keeping track of the total accumulated waiting time; 5.
Stop if the final site has been reached or if the total time exceeds a fixed value tpax.

10° realizations were generated for each system, and for each one of them, the time taken to
reach G4 as well as the pathway followed by the hole were recorded.

Structural deformation of the DNA stack

In order to understand the impact of the structural deformation of the DNA helix and the
insertion of the amino acid in the DNA stack in the HT dynamics, we have performed MD
simulations on the DNA and DNA-X systems, as well as the DNA-X system bound to the WT
and Q237W mutant Hhal enzymes. For the Q237W mutant, steric hindrance only allows for one
possible orientation of the Trp side chain in the DNA pocket, as illustrated in Fig. 1. Such
orientation is consistent with the Tr;[) fulfilling the m-gap generated in the DNA stack upon
binding, as previously hypothesized.” Detailed analysis of the positional root mean square
deviations (RMSD) show that fluctuations of the DNA backbone are larger than those of the
protein backbone (see Fig. S1). However, fluctuations of the binding domain are somewhat
reduced, especially in comparison with the DNA-X system, where fluctuations are enhanced in
the abasic position. In addition, in the DNA-X system the abasic site causes a displacement of
G; to fill the gap due to the abasic site, and the ejection of the upper cytosine residue — the
base pair of G4 — to allow a better stacking between guanines G; and G,.

Analysis of the variation of the stacking overlap and base pair step parameter (BPSP) near the
binding domain clearly indicates a remarkable deformation of the standard DNA structure (see
Fig. S2-S8); in the DNA-X we observe the largest differences, especially at the CA/TG, pair, as
a result of the missing cytosine mentioned above, whereas in the DNA/protein complexes WT
and Q237W such deformation is somewhat reduced. This analysis illustrates the strong impact
of both protein binding and the presence of the X abasic site on the structural parameters of the
double helix.

On the other hand, it was suggested that the Q237W mutant, in contrast to the WT protein,
retains long-range oxidative damage at distal 5'-GG-3' sites because the inserted Trp fulfills the
n-gap in the DNA stack by adopting a stacked configuration relative to the nucleobases. In order
to investigate this point, we also analyzed the orientation and degree of insertion of the GIn and
Trp amino acids into the DNA pocket in the WT and Q237W assemblies. The position of the
amino acid residue inside the double strand impacts the HT energies and couplings that control
HT dynamics. We define the degree of insertion of GIn (WT) and Trp (Q237W) within the DNA
n-stack as the ratio between the distance among upper and lower stacked guanines geometric
centers and the sum of the center-to-center distances among the inserted amino acid side chain
and such guanines, dg,_ga/(dga—c2 + dea—ca)- Thus, the degree of insertion is in the range 0-1,
where 1 indicates complete insertion of the amino acid in the =-stack. In Fig. 4 we report the
degree of insertion of GIn and Trp along the MD trajectory, as well as the insertion of G;. There
is a competition between Trp and G; to fill the abasic site space in the Q237W system. Initially,
Trp237 remains almost completely inserted in the w-gap, but after 60 ns both residues seem to
reach a stacked and complementary arrangement that remains stable until the end of the
simulation. In contrast, the insertion of the GIn side chain in the WT system remains stable
during the whole simulation due to three hydrogen bonds established between Gj;, GIn and
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Ser87, which appear to play a key role in maintaining the structure of the assembly during the
catalytic process.”

HT parameters

The deformation of the DNA structure, as well as the insertion of the GIn or Trp amino acid in
the n-gap, modulates the energies of the radical cation states involved in the HT process as well
as the electronic interactions between such states as predicted by our calculations. As shown in
Fig. 4, in DNA all guanine sites have similar energies averaged over the MD simulation. In
addition, we predict similar values of electronic couplings, ~6-8 meV, between the G; and G,/G;
sites, as well as between G,/G3 and G4. The coupling among the G,—Gj sites, Vo3, in contrast, is
significantly enhanced amounting to ~30 meV, despite the apparent similarity to Vy, and V34
interactions This difference could arise from the fact that only the nucleobases in the binding
domain are described at the quantum chemical level, therefore potential superexchange effects
mediated by the surrounding bases could explain this enhancement. Alternatively, the
difference could arise due to the fact that the outer GC pairs in the binding domain are stacked
to AT pairs instead of GC ones.

In the DNA-X system containing the abasic site, most couplings remain similar, except V,, and
V34, those between the final G, site and the intermediate G,/Gj sites. In particular, Vo, increases
from ~7 to ~15 meV, whereas V3, raises from ~8 to ~66 meV. This dramatic change arises from
the displacement of G; in order to fill the gap due to the abasic site, and the ejection of the
upper cytosine residue — the base pair of G4 — to allow a better stacking between guanines G3
and Gy, as discussed in the previous section (See Fig. S9). Such structural change, in addition,
leads to a significant destabilization of the G; cation state, whereas the other guanines in the
binding domain retain similar relative energies. These enhanced couplings among guanines in
the DNA-X compared to the undamaged DNA significantly enhance the rate of HT through the
binding domain. Moreover, the destabilization of the G; state does not slow down the HT
process, given that holes can directly hop from G, to G,.

When the DNA-X helix binds the wild-type Hhal protein, however, the insertion of the GIn amino
acid in the m-gap precludes the movement of G; site leading to a better stacking with G4
observed in the DNA-X system. This structural change has a strong impact on the electronic
interactions among the guanines in the binding site. In contrast to the enhancements of V,, and
V34 estimated in DNA-X, upon binding both interactions are dramatically attenuated leading to
MD-averaged values of ~2 and ~4 meV, respectively. Moreover, the V»; coupling is halved,
passing from ~31 meV to ~12 meV in WT system. The energies of the guanine cation states are
also significantly modified upon binding and insertion of the GIn side chain. In particular, the
energy of the G, and G, guanine states are destabilized compared to the other sites, especially
in the case of G4. Whereas in the undamaged DNA the guanine cation states span a range of
energies of 36 meV, a range that increases to 104 meV in the DNA-X, upon binding the energy
asymmetry is enhanced due to the strong destabilization of G4, leading to a range of 183 meV
(see Fig. 4). The destabilization of the neighboring G 3' and G 5' sites to the inserted Gin
residue, as well as the attenuated electronic interactions among the guanines, suggest an
important slow down of the HT rate in the DNA-X upon binding to the wild-type protein, thus
explaining the inhibition of long-range oxidative damage observed experimentally.

Interestingly, the energetic landscape in the binding site observed for the WT system is
considerably changed in the Q237W mutant, leading to a situation closer to that observed for
the unbound DNA-X system. Compared to the WT complex, in the Q237W assembly both G,
and G, sites are stabilized due to the insertion of the stacked tryptophan, thus recovering the
possibility to have fast HT toward the final G4 site in the binding domain. Moreover, the mutation
of the inserted GiIn into a Trp leads to enhanced electronic interactions between most guanine
sites. In particular, V4, and Vy; interactions are doubled, whereas Vy, and V34 experience twenty
and four-fold increases, respectively. Such increases are mainly associated with a
superexchange effect due to the presence of the aromatic amino acid tryptophan, whose p-
orbitals mediate the exchange of electrons between guanine orbitals.
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The changes in the guanine electronic properties suggest that the HT process in the mutant will
be significantly faster compared to the WT enzyme, in accord with the experimental
observations. In the Q237W mutant, there's a further actor coming into play, the Trp residue.
Because of that one should obtain reliable energies of guanines and Trp sites in order to
properly estimate the HT dynamics. To this end we have performed INDO/S calculations along
MD trajectories of single guanine and tryptophan in water. These calculations predict the Trp
state being higher in energy by 0.35 eV, whereas the experimental estimates derived from the
one-electron oxidation potentials at neutral pH are 1.29 and 1.03 V for G and Trp,
respectively.”g] Therefore, we have applied a correction of -0.61 eV to the energy of the
tryptophan cation state in the simulation of the Q237W complex.
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Figure S1. Positional root-mean square deviations of DNA, DNA-X, WT and Q237W
systems corresponding to the a) DNA backbone, b) the DNA binding domain and c) the
protein backbone.
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Figure S2. Stacking overlap between base pairs corresponding the DNA stack, the
DNA-X stack with an abasic site, and the DNA-X stack complexed with the WT and
Q237W mutant Hhal protein. Values are averaged along the MD classical trajectories.

4.
5 EDNA

EDNA-X

ma237w
35

[

¢ o & o &
"\Y«('\ &\ 0’ <'\ é\v«(’\@‘?&& "\ O\Y«“\ (3’ ‘°\ & \(J ‘*\00'(\ @ <\"«o\°<§\9\

w

Rise (A)

~

1

«

-

0.

@

Figure S3. Rise base pair step parameter corresponding the DNA stack, the DNA-X
stack with an abasic site, and the DNA-X stack complexed with the WT and Q237W
mutant Hhal protein. Values are averaged along the MD classical trajectories.
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Figure S4. Slide base pair step parameter corresponding the DNA stack, the DNA-X
stack with an abasic site, and the DNA-X stack complexed with the WT and Q237W
mutant Hhal protein. Values are averaged along the MD classical trajectories.

EDNA
HDNA-X

owrt

mQ237w

-5

é‘\é’ /&\(y &\& 0‘*\/\(’ v"\é\ é\ve /\0\@ 0‘;\0 v"\é (}\‘p /\"\0 0‘5& vo\é e‘*\él (5’\& é’\é’ cv\/\b ‘9\6\ é‘\é' /&\(,v OX& v"\é
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Figure S7. Roll base pair step parameter corresponding the DNA stack, the DNA-X

stack with an abasic site, and the DNA-X stack complexed with the WT and Q237W
mutant Hhal protein. Values are averaged along the MD classical trajectories.
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stack with an abasic site, and the DNA-X stack complexed with the WT and Q237W
mutant Hhal protein. Values are averaged along the MD classical trajectories.

Figure S9. Structure of the binding domain in the DNA-X stack illustrating the
displacement of G; in order to fill the gap due to the abasic site, and the ejection of the
upper cytosine residue — the base pair of G, — to allow a better stacking between
guanines G; and G,.
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Figure S10. Parameters that define the arrangement of adjacent base pairs in a w stack.
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Figure S11. Distribution of preferred pathways obtained from the Kinetic Monte Carlo

simulations corresponding to a) DNA and b) DNA-X.
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Table S1. Electronic couplings, free energy differences, and time constants for the
forward/backward HT reactions estimated for the DNA, DNA-X, WT and Q237W systems.

V[a] AG[a] TF[b] TB[b]
DNA
Gl-G2 8 4 0.85 0.71
Gl-G3 6 -14 0.98 1.70
G2-G3 30 -19 3.4x10-2 7.1x10-2
G2 - G4 7 17 1.16 0.59
G3 - G4 8 36 1.56 0.38
DNA-x
Gl -G2 8 -13 0.60 0.98
Gl-G3 6 80 5.90 0.26
G2-G3 31 93 0.33 8.8x10-3
G2 - G4 15 -10 0.17 0.26
G3 - G4 66 -104 1.6x10-3 9.1x10-2
WT

Gl-G2 6 76 5.34 0.28
Gl-G3 4 21 1.94 4.42
G2-G3 12 97 6.0x10-2 2.45
G2 - G4 2 86 94.1 3.35
G3 - G4 4 183 124 0.10
Q237W
Gl -G2 13 27 0.16 0.44
Gl-G3 4 214 275 7.0x10-2
G2-G3 31 240 11.5 9.9x10-4
G2 - G4 44 35 4.8x10-2 1.2x10-2
G3 - G4 16 -205 6.1x10-3 17.7
Gl -W 20 -368! 5.9x10-4 984
G2-W 96 -3411 3.3x10-5 19.1
G3-W 17 -581 2.1x10-4 1.4x106
W - G4 96 376! 53.2 2.3x10-5

[a] All values in meV. [b] Time constant for forward/backward HT reactions in ns adopting a
reorganization energy value of A = 0.7 eV. [c] Relative energy of the Trp237 site corrected by -
0.61 eV (see text).
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	Spectral variability in phycocyanin cryptophyte antenna complexes is controlled by changes in the  polypeptide chains

	Abstract

	1. Introduction

	3. Results and discussion

	3.1 Spectral densities

	In Figure 2 we show the spectral densities (SD) computed using the VG method for the four PBPs considered, whereas in Tables S1 and S2 of the Supporting Information we report the corresponding reorganization energies. On the other hand, in Figure 3, we show the total accumulated reorganization energies as a function of vibrational frequency. In the development of quantitative models of light harvesting, it is common to assume equal SDs for all pigments in a given complex. This can be a stronger approximation in systems with different kind of pigments, whose coupling to the environment can be different, as is the case of PBPs.38 Our results clearly indicate a larger coupling of DBVs to the vibrations compared to PCBs, whereas for MBVs the results are less clear. This could be related to the fact that DBVs are covalently linked to the protein backbone through two Cys residues instead of one. Our simulations however provide some clear outliers on the general trends observed in the four complexes, characterized by total reorganization energies in the range ~410-690 cm-1: the two DBVs in PC612 and the MBV19A in PC630, which display values ~900-1300 cm-1 (see Table 1 and 2). Also the value for MBV19C in PC645 is somewhat low, with a = 350 cm-1. This suggests that in a few particular conformations of the pigments, as optimized in the protein scaffold, the vertical grandients computed suffer significant errors. Indeed, our calculation on the DBV50/61B pigment in PC630 failed to provide reasonable results.

	In Figure 3, one can observe that such outliers arise mostly from inaccuracies in the contribution to  of low frequency vibrations, probably contaminated by the constrained optimization in the protein scaffold. For DBV50/61B and MBV19A, however unusual steps in  are also observed at frequencies ~1500-1600 cm-1, the region characterized by C=C stretchings. Nevertheless, as we show in the next section, in general the computed SDs lead to simulated emission lineshapes in excellent agreement with experiment, once we use the SD of MBV19C for the MBV19A outlier pointed out above. Note that in the spectral simulations of PC612 we used the SD values for DBVs computed for PC577, but this does not impact the emission spectra of this complex as the DBVs have the higher energies in the complex.

	Thus, although the calculated SDs cannot account for the low-frequency part due to the environmental motions, they provide an efficient and reliable method to estimate vibronic coupling compared to much more costly MD-QMMM approaches, which usually lead to a strong overestimation of high-frequency peaks when the MD is based on an approximate classical force field.15,17,38–47 A more reliable description consists in performing the MD at the QM/MM level instead of a purely MM potential,48,49 but then the computational cost associated to the calculation of SD is drastically increased.
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	Figure 2. Spectral densities computed for bilin pigments in the PC577, PC612, PC630 and PC645 antenna complexes
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	Figure 3. Total accumulated reorganization energies as a function of vibrational frequency estimated from the spectral densities computed for bilin pigments in the a) PC577, b) PC612, c) PC630 and d) PC645 antenna complexes. 

	3.2 Site energies

	In Figure 4 we report the relative site energies for the bilins in the PBP complexes computed using MD-averaged QM/MMPol values compared with QM/MMPol/ddCOSMO calculations performed on the optimized geometries of the pigments in the protein scaffold. If we focus on PC577 and PC612, which only contain PCB and DBV chromophores, the results show a clear overestimation of the energy difference between these two kind of molecules when the calculations are based on structures extracted from the MD, whereas the use of QM optimized geometries leads to much more reasonable relative site energies. Similar systematic deviations between DBV and PEB pigments were observed previously when applying the same approach to the PE545 PBP complex.16,10 It seems clear that this problem arises from the use of an approximate classical force field in the MD, which is expected to lead to different systematic errors for different kind of pigments. For PC630 and PC645, this issue is further complicated by the presence of MBV bilins. Regarding DBVs, again the MD-based values are largely overestimated compared to the PCB energies as found for PC577 and PC612. On the other hand, MBVs have the largest degree of  conjugation along the tetrapyrrole backbone, and could thus be expected to be the lowest-lying pigments in these complexes. The use of QM optimized geometries indeed leads to such result, whereas MD-averaged values lead to MBV energies in ranges similar to those of PCBs, which could be seemingly ascribed again to systematic errors arising from the use of MD-derived geometries. 

	Overall, thus, the MD QM/MMPol protocol seems to be rather problematic in order to derive energy differences for pigments with diverse underlying chemical structure, whereas the use of QM-optimized geometries looks more reliable. This latter approach, however, suffers from the neglect of thermal effects. Indeed, whereas the relative energies between DBVs and PCBs computed in this way look reasonable, those of the MBVs are clearly underestimated in light of the experimental absorption spectra. Previous calculations based on the crystal structure of PC645, however, suggested that MBVs lie in between the energies of DBVs and PCBs,50 and QM/MMPol calculations performed on crystal geometries lead to similar results (data not shown). Thus, it seems that thermal effects can be particularly important to properly describe the MBV properties because of its largest degree of  conjugation among all bilin types. In other words, thermal fluctuations are expected to distort the  conjugation that is otherwise exaggerated based on the optimized geometry. Indeed, recent calculations presented by the Coker group showed similar energies for MBVs and PCBs when QM-opimizations were done along different conformations of the protein complex sampled along an MD.20 Thus, whereas it seems clear that DBVs populate the high-energy part the absorption spectra of these complexes, it is difficult from the present simulations to determine the precise relative positions of MBV and PCB bands. 

	/

	Figure 4. Site energies of the pigments in PC577, PC612, PC630 and PC645 computed using the MD-QM/MMPol and QM/MM/MMPol methods relative to the minimum energy site in the complex. 

	In Figures 5 and 6 we show the absorption (OD), fluorescence (FL) and circular dicroism (CD) spectra of the PBP complexes simulated using both theoretical approaches compared to experiments.14,51 As previously discussed, the OD spectra in Figure 5, based on MD-averaged site energies and couplings, clearly show the overestimated energies for DBVs. In addition, whereas the relative energies of the PCBs in PC577 look very reasonable, those for the other PBPs seem to span a range of energies that is too small, leading to a spectrum that is too narrow. On the other hand, the FL lineshapes are nicely reproduced by the SDs discussed in the previous section, as emission is not much affected by the relative site energies given that only populated lowest-lying states contribute to it. The main features of the CD spectra are also reproduced. 

	We remind here that PC577 and PC612, as well as PC630 and PC645, share the same pigment composition, thus spectral changes arise from changes in the amino acid sequence of the protein complex. In this light, the simulations in Figure 5 are in qualitative agreement with the displacement of intensity from the high-energy band to the low-energy one when passing from PC577 to PC612, which seems to arise from a lowering of the energies of PCB20A and PCB20C, located in the  polypeptide chains, whose structure is much more divergent compared to that of the highly-conserved  chains, identical in these complexes. A similar qualitative agreement is found if we compare the spectra of PC630 and PC645. In this case, the low-energy band is shifted to lower energies in PC645, a trend also qualitatively reproduced by our simulations, which in this case seems to arise from a stabilization of the MBV19C as well as PCB82B and PCB82D. This suggests that the description of pigment-protein interactions based on the QM/MMPol method correctly describes this qualitative trends, so the main errors in the determination of the site energies seem to arise from the problem related to the internal pigment geometries use for excited-state calculations.
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	Figure 5. Experimental and simulated absorption (left), fluorescence (center) and circular dichroism (right) spectra of the PC577, PC612, PC630 and PC645 complexes (area normalized). Simulations were done using MD-averaged site energies and couplings computed from QM/MMPol calculations. 
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	Figure 6. Experimental and simulated absorption (left), fluorescence (center) and circular dichroism (right) spectra of the PC577, PC612, PC630 and PC645 complexes (area normalized). Simulations were done using site energies and couplings computed from QM/MMPol/ddCOSMO calculations based on bilin optimized geometries. 

	If we focus instead on the spectral simulations based on QM-optimized geometries shown in Figure 6, the results for PC612, and especially for PC577, are in reasonable agreement with experiments, although in this case the intensity shift to lower energies when passing from PC577 to PC612 is not qualitatively reproduced, because the energies of PCB20A and PCB20A are not lowered in PC612. Instead, the energies of PCB158B and PCB158D are slightly increased. Overall, our MD results indicate an approximate energy ladder PCB158 < PCB82 < PCB20 < DBV51/61 for PC577 and PC612, whereas results based on QM-optimizations exchange the lowest energy site for the PCB82s, and moreover predict a different ordering for the intermediate energy site, leading to an ordering PCB82 < PCB158 < PCB20 < DBV51/61 for PC577 and PCB82 < PCB20 < PCB158 < DBV51/61 for PC612. Thus, it is unclear if the lowest-energy sites on these complexes are the PCB158 or the PCB82 bilins.

	On the other hand, in the spectra of PC630 and PC645 the lowest-lying pigments are the MBVs when QM-optimized geometries are used, whereas in MD-based results they show very similar energies compared to the low-energy PCBs, as found by Coker and co-workers for PC645.20 Moreover, in this case the QM-based approach indicates a similar energy ordering MBV19 < PCB82 < PCB158 < DBV51/61 for both complexes, whereas MD-based data estimate rather similar energies for all low-energy sites: MBV19 ≈ PCB158 ≈ PCB82 < DBV51/61. Although the spectra based on QM-optimized structures is too broad, probably owing to the significant underestimation of MBV energies, the overall shape of the bands due to PCBs and DBVs is in much better agreement than that obtained from MD-based data. Thus, the energy ordering MBV19 ≈ PCB82 < PCB158 < DBV51/61 seems quite likely, once MBVs are shifted up in energy. 

	Taken globally, the results based on QM-optimized geometries in almost the four systems agree with the ordering PCB82 < PCB158 < DBV51/61, which seems reasonable as these sites are located in the highly-conserved  chain. The spectral variability thus seems to arise from the energetic location of the bilins in the more divergent  chain, which in PC577 and PC612 seems to be in the middle-energy range (PCB20A and PCB20C), whereas in PC630 and PC645 seem to be in the low-energy region (MBV19A and MBV19C). Indeed, the  chains in PC577 and PC612 are identical. This overall picture further agrees with the recent simulations in the Coker group.20

	3.3 Electronic couplings

	The spectra of “open” (PC577, PC612) and “closed” form (PC630, PC645) PBPs discussed in the previous section have a fundamental difference related to the change in quaternary structure. In PC630 and PC645, the small center-to-center distance (~13Å) between central DBVs leads to strong excitonic splitting of the high-energy bands, whereas switch to the “open” form in PC577 and PC612 leads to a larger separation (~19Å) that drastically attenuates the coupling between DBVs, thus leading to mostly localized bands.14 According to previous CIS/cc-pVTZ coupling estimates based on the transition density cube method, this leads to a change in DBV50/61B - DBV50/61D  coupling from 647 cm-1 in PC645 to 29 cm-1 in PC612.14 The change in quaternary structure also induced variations in other interdimer couplings, whereas intradimer ones remained similar. Note here that these values did not include the screening effect exerted by the environment. Our Coulomb terms based on the crystal structures lead to similar values 515/559 cm-1 for PC630/PC645 and 19/21 cm-1 for PC577/PC612, as reported in Tables S11-S18 in the Supporting Information. The MD-based values shown in Table SXX are rather similar, except for PC577, where thermal effects increase the VCoul value to 67 cm-1, still however much smaller than the corresponding value in “closed” PBPs.

	The Coulomb term however is modulated by the additional environment-mediated term 
𝑉
𝑒𝑛𝑣
 in Eq. 3. Here we included this effect based on the MD-QM/MMPol and QM/MMPol/ddCOSMO methods. The latter differ from the MD-based values in two important aspects. First, the water solvent is described through the ddCOSMO continuum model instead of the atomistic MMPol description used for the protein. In addition, the coupling values are based on the crystal structure, so the protein is not relaxed like in the MD, a delicate issue that can lead to some exaggerated polarization interactions and thus induce some noise in the MMPol coupling term. For these two reasons, we thus consider the MD-based values to be more reliable and we only focus on those here. For PC630 and PC645, we predict screening factors 𝑠 equal to 0.60 and 0.50, respectively, for the central DBV pair, slightly smaller than the 0.64 value predicted previously for PC645 based on a continuum model.52 In contrast, the environment leads to a striking attenuation of the coupling in PC577 and PC612, which screening factors 0.1 and -0.3, respectively, which correspond to 
𝑉
𝐶𝑜𝑢𝑙
= 67 cm-1 and  
𝑉
𝑒𝑛𝑣
= -54 cm-1 for PC577 and 
𝑉
𝐶𝑜𝑢𝑙
= 23 cm-1 and  
𝑉
𝑒𝑛𝑣
= -30 cm-1 for PC612. Thus, for PC612 the environment-mediated term is actually larger in magnitude than the Coulomb interaction between the DBVs. This strong screening effect thus further reduces the coupling in the central DBV pair beyond the increase in pigment separation, which explains the attenuation of coherence beatings observed for these PBPs.14 Beyond this unexpected strong screening effect, most other pairs in the PBPs experience reasonable screening values, as shown in Figure 7. However, some pairs in PC577 and PC612 deviate from the general s~0.5-0.7 trend with s values close to 1 or even larger, showing a small screening effect or even an enhancement of the coupling mediated by the environment.

	Figure 7. MD-averaged screening factors derived from QM/MMPol  calculations for pigment pairs in the PC577, PC612, PC630 and PC645 complexes. 




