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Streszczenie

Celem rozprawy doktorskiej byto zaprojektowanie 1 opis wlasciwosci fizykochemicznych
nowej klasy receptorow molekularnych — komplekséw peptydowych wykorzystujacych
sekwencj¢ B-amyloidu posiadajacego domeng wigzaca His2 z kationami metali przej$ciowych.
Wspomniane zwigzki charakteryzujg si¢ unikalnymi wlasciwosciami koordynacyjnymi,
jednakze nie zostaly dotychczas wykorzystane w procesach rozpoznawania molekularnego.
Podjeta tematyka jest szczegOlnie istotna ze wzgledu na potrzebe poszukiwania nowych
selektywnych 1 czutych zwigzkoéw rozpoznajacych aniony fosforanowe(V) w ztozonych
probkach biologicznych oraz srodowiskowych.

Badania rozpocz¢to od wyselekcjonowania czgsteczki peptydu sposrod N-koncowych
analogéw B-amyloidu (AP), $cisle zwigzanych z patologia choroby Alzheimera. Dotychczas
zidentyfikowano wiele réznych form tego peptydu, w tym form¢ APsx, zawierajacg reszte
histydyny w drugiej pozycji w sekwencji aminokwasowej (His2), ktéra nadaje unikalne
wlasciwo$ci  koordynacyjne 1 elektrochemiczne. Szczegdlnie interesujacy pod katem
projektowania peptydowych receptoréw molekularnych selektywnych wzgledem aniondéw
okazal si¢ najkrotszy badany analog Afso 0 sekwencji Arg-His-Asp-Ser-Gly (RHDSG).
W dalszych badaniach skupiono si¢ na szczegotowej analizie oddzialywan kompleksu
Cu(I)-ABs-9 z anionami fosforanowymi(V) w warunkach zblizonych do fizjologicznych.
Otrzymane wyniki pozwolily na oszacowanie warunkowej stalej wigzania anionow
fosforanowych(V) przez rozwazany metalokompleks oraz potwierdzity selektywne
rozpoznawanie tych jonéw jak réwniez nukleotyddéw, ktore w swojej strukturze zawierajg grupy
fosforanowe.

Wyrdzniajaca cechg opracowywanej grupy zwiazkéw jest mozliwos¢ optymalizacji ich
zdolnosci receptorowych, tj. selektywnosci i czuto$ci wzgledem wybranego analitu, poprzez
modyfikacj¢ ich struktury. W zwiazku z tym, kolejny etap prac dotyczyt badan kompleksu
APs-9, w ktorym jon centralny zostal wymieniony na kation Ni(Il). Ze wzgledu na niewielka
liczbe doniesien literaturowych opisujacych wtasciwosci komplekséw jonow niklu z peptydami
AP, scharakteryzowano proces wigzania jonu Ni(Il) przez analog Afs.e, Wyznaczono
dystrybucj¢ tworzacych si¢ form kompleksowych dla wybranego zakresu pH i stezen
reagentow, a takze opisano ich wiasciwosci spektroskopowe oraz elektrochemiczne.
Stwierdzono, ze rodzaj kationu metalu w centrum koordynacji ma istotny wplyw na
wlasciwosci termodynamiczne i strukturalne metalokompleksow peptydowych APs.g, 0 z kolei

znalazto odzwierciedlenie w ich odmienne;j selektywnos$ci wzgledem analizowanych zwigzkow
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fosforanowych. Wykazano, ze zastosowanie kompleksu niklowego, posiadajagcego geometrie
oktaedryczng, umozliwia rozr6znianie nukleotydow posiadajgcych jedno lub trzy ugrupowania
fosforanowe (m.in. AMP i ATP), czego nie obserwowano w przypadku ptasko-kwadratowego
chelatu Cu(ll)-Aps.o.

Ostatnia czg$¢ badan obejmowata zaprojektowanie oraz syntezg biblioteki peptydow,
ktorych sekwencje aminokwasowe opieraly si¢ na modelowej czgsteczce APs.g. Jej celem byta
optymalizacja struktury liganda, ktorego kompleks z jonem Cu(Il) charakteryzowalby sie
najwickszym powinowactwem wzgledem anionéw fosforanowych(V). Wykazano, ze zmiana
struktury peptydu His2 znaczaco wplywa na warto$¢ potencjatu utleniania jonow Cu(Il)
w ukladzie dwusktadnikowym Cu(II)-His2 oraz trojsktadnikowym z anionami fosforanowymi.
Analiza wynikoéw pozwolila na wybor peptydow RHGSG 1 RHRSG, ktérych metalokompleksy
wykazywaty najwyzsza selektywnos$¢ i czuto§¢ wzgledem wspomnianych anionéw. Ponadto
w trakcie realizacji niniejszej pracy doktorskiej zaproponowano koncepcje rozrdzniania
oligopeptydow His2 w oparciu o analiz¢ chemometryczna odpowiedzi elektrochemicznych
zarejestrowanych w roztworach zawierajacych uktady dwusktadnikowe i trojsktadnikowe.
Uzyskano efektywna dyskryminacj¢ peptydow His2, przy czym mozliwe bylo rozréznienie
nawet bardzo podobnych strukturalnie oligopeptydow, takich jak RHDSG i DHRSG.

Podsumowujac, w wyniku przeprowadzonych badan opracowano nowa klas¢ receptorow
molekularnych — kompleksy peptydow o sekwencji His2 z kationami metali przejsciowych.
Obiecujace wlasciwosci receptorowe tych zwigzkow osiggnicto dzigki odpowiedniemu
zaprojektowaniu ich struktury, obejmujacej rodzaj kationu metalu w centrum koordynacji oraz
sekwencj¢ aminokwasowg peptydu. Oryginalno$¢ proponowanej struktury receptoréw wynika
z podwdjnej roli centrum metalicznego, ktore jest zarowno miejscem rozpoznajacym analit,
jak i znacznikiem redoks o wtasciwosciach elektrochemicznych okreslanych przez otoczenie
koordynacyjne. Wyniki przedstawionych badan maja wysoki potencjat aplikacyjny, poniewaz
moga nie tylko przyczyni¢ si¢ do rozwoju nowoczesnych peptydowych biosensorow
elektrochemicznych, ale réwniez poméc w zrozumieniu wielu patologii wynikajacych
z oddzialywan pomiedzy metalokompleksami peptydowymi i1 biologicznie aktywnymi
czasteczkami, a tym samym doprowadzi¢ do opracowania nowych celow terapeutycznych,

czy projektowania innowacyjnych lekow.

Stowa kluczowe: receptory molekularne, f-amyloid, metalokompleksy peptydowe, aniony

fosforanowe(V), elektrochemia



Abstract

The doctoral thesis aimed to design and describe the physicochemical properties of a new
class of molecular receptors — peptide complexes based on a B-amyloid sequence possessing
a His2 binding motif with transition metal cations. Despite their distinctive coordination
properties, these compounds have not yet been used in molecular recognition. Undertaken
research is vital for developing new selective and sensitive receptors that recognize phosphate
anions in complex biological and environmental samples.

The first research task was the selection of the peptide molecule among the N-terminal
B-amyloid (AP) analogues closely related to the pathology of Alzheimer's disease. Different
forms of AP peptide have been identified so far, including APs.x, containing histidine residue at
the second position in the amino acid sequence (His2), providing unique coordination and
electrochemical properties. The shortest derivative, APs.9 with the following amino acid
sequence Arg-His-Asp-Ser-Gly (RHDSG), turned out to be particularly interesting in designing
anion-selective molecular receptors. Further research focused on a detailed analysis of the
interactions between the Cu(ll)-ABs-9 and phosphate anions under conditions similar to the
physiological ones. The obtained results allowed to estimate the conditional binding constant
of the phosphate anions by the studied complex and confirmed the selective recognition of these
ions as well as nucleotides that own phosphate groups in the structure.

A distinguishing feature of the developed group of compounds is the possibility of tuning
their receptor properties, i.e., selectivity and sensitivity toward selected analyte, by modifying
their structure. Therefore the next step of the work concerned As.9 complex studies, in which
the central ion has been replaced with the Ni(Il). Due to the limited number of literature reports
describing the properties of nickel complexes with AP peptides, the process of Ni(ll) ion
binding to the APs.o was characterized, the distribution of complex forms was determined, and
their spectroscopic and electrochemical properties were described. It was found that the type of
metal ion in the coordination center significantly impacts the thermodynamic and structural
properties of APs.o metal complexes, which in turn was reflected in the selectivity toward the
analyzed phosphate species. It has been demonstrated that in contrast to square planar
Cu(I)-ABs-9 complex, octahedral Ni(11)-ABs-o chelate enables the discrimination of nucleotides
with one or three phosphate groups (including AMP and ATP).

The last part of the research focused on the design and synthesis of a peptide library based
on the model APs.g Sequence to optimize the structure of the ligand whose complex with Cu(ll)

ion would own the highest affinity for phosphate anions. It was shown that the change in the
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structure of the His2 peptide affects the Cu(ll) oxidation potential in the binary complex and
ternary system with phosphate anions. The analysis of the results allowed for the selection of
RHGSG and RHRSG peptides which Cu(ll) complexes exhibit the highest selectivity and
sensitivity toward phosphate anions. Moreover, during the implementation of the doctoral
dissertation, the concept of distinguishing His2 oligopeptides was proposed based on the
chemometric analysis of electrochemical responses recorded in solutions containing mentioned
binary and ternary systems. An efficient discrimination of His2 peptides was obtained,
including the differentiation of even structurally similar oligopeptides such as RHDSG and
DHRSG.

In conclusion, the conducted research led to the development of a novel class of molecular
receptors — metal complexes of peptides possessing the His2 sequence. The promising receptor
properties of these compounds were achieved thanks to the appropriate design of their structure,
including the type of metal cation and the peptide amino acid sequence. The proposed receptor
structure's originality results from the dual role of the metal center, which is both an analyte
recognition site and a redox probe of electrochemical properties determined by the coordination
environment. Presented results have a high application potential because they may contribute
to the construction of modern peptide-based electrochemical sensors and lead to a better
understanding of many pathologies which are related to interactions between metal-peptide
complexes with biologically active molecules, thus the establishment of new therapeutic targets

or even to the design of innovative drugs.

Keywords: molecular receptors, p-amyloid, metal-peptide complexes, phosphate anions,

electrochemistry
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Rozdzial 1

Wprowadzenie — przeglad literatury

1.1. Peptydy w procesach rozpoznawania molekularnego

Peptydy sa zwigzkami organicznymi powstajacymi przez polaczenie wigzaniem
amidowym (peptydowym) dwoch lub wigecej aminokwaséw (do okoto stu). Goérna granica
liczby aminokwasow dla peptyddw jest jednak umowna i stuzy gtownie odréznieniu peptydow

od bialek o znacznie dtuzszych tancuchach i bardziej rozbudowanej strukturze [1].

Peptydy wystepuja powszechnie w naturze 1 s3 niezbgdne do prawidlowego
funkcjonowania wszystkich organizméw zywych. Odpowiadajg miedzy innymi za homeostaze
jondw metali, gojenie ran, a takze wykazuja aktywno$¢ przeciwdrobnoustrojowa czy
antyoksydacyjng [2,3]. Nalezy jednak podkresli¢, ze peptydy biora réwniez udziat
w inicjowaniu i rozwoju licznych procesow patologicznych, na skutek ktorych dochodzi m.in.

do zmian neurodegeneracyjnych, takich jak choroba Alzheimera, czy choroba Parkinsona [4,5].

Ze wzgledu na swoje wlasciwosci oraz roznorodnos¢ budowy, peptydy staly si¢ obiektem
ogromnego zainteresowania naukowcoéw. W duzym stopniu przyczynito si¢ do tego ich
potencjalne zastosowanie w procesach rozpoznawania molekularnego. Zwiazki te moga
selektywnie oddziatywa¢ zarowno z wigkszymi analitami, takimi jak biatka czy kwasy
nukleinowe, ale rowniez z matymi czasteczkami np. aminokwasami, neuroprzekaznikami oraz
jonami [6,7]. Ogromne znaczenie w zapewnieniu wysokiej selektywnosci rozpoznawania
wybranych zwigzkéw ma sekwencja aminokwasowa peptydu, a wlasciwie atomy donorowe
tancuchow bocznych reszt aminokwasowych. Wykorzystujac kombinacje dwudziestu
naturalnych aminokwasoéw, mozna otrzyma¢ ligandy peptydowe o roznorodnych
wiasciwosciach, strukturze i aktywnosci. Ponadto projektowanie syntetycznych pochodnych
peptydowych odbywa si¢ obecnie poprzez badania przesiewowe (ang. Screening)
1 optymalizacje bibliotek struktur peptydowych z wykorzystaniem zaréwno technik biologii
molekularnej, jak i chemicznych [8,9]. Takie podejscie pozwala na relatywnie szybkie
wyselekcjonowanie peptydéw 1 ich pochodnych do okreslonych zastosowan bioanalitycznych.
Bardzo duza zaleta jest takze mozliwo$¢ automatyzacji syntezy peptydow, ktdra mozna
prowadzi¢ na podiozu stalym wedtug protokolu Fmoc/tBu, gdzie do tymczasowej ochrony

terminalnej grupy aminowej syntezowanego peptydu i grup bocznych aminokwasow stosuje
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si¢ odpowiednio grupe Fmoc (9-fluorenylometoksykarbonylows) oraz tBu (tert-butylowsg) [10—
12].

Przypisywane peptydom unikatowe wlasciwosci koordynacyjne, umozliwiajg ich
praktyczne zastosowanie mi¢dzy innymi w warstwach receptorowych biosensoréw [9,13-16].
Wedlug definicji IUPAC (ang. International Union of Pure and Applied Chemistry), sensor
chemiczny jest urzadzeniem skladajacym si¢ z cze$ci receptorowej oraz przetwornika,
pozwalajacym na przeksztalcenie informacji chemicznej na sygnat uzyteczny analitycznie [17].
Jednym z rodzajow sensorow chemicznych sg biosensory, ktoérych warstwe receptorowa
stanowi material biologiczny, taki jak: peptydy, przeciwciata, kwasy nukleinowe oraz enzymy.
Warto jednak zaznaczy¢, ze najczesciej w wyniku oddziatywania peptydow z analitem nie jest
generowany sygnat, ktory mogtby by¢ odczytany przez przetwornik. Dlatego konstrukcja
biosensorow wymaga W wielu przypadkach modyfikacji struktury receptora peptydowego

znacznikiem (in. sondg) fluorescencyjnym lub znacznikiem redoks [9].

Jednym z czynnikow, ktore decyduja o funkcji i aktywnosci biologicznej peptyddéw
i bialek, jest ich oddzialywanie z jonami metali. Peptydy posiadaja bowiem zdolno$¢ do ich
kompleksowania wynikajaca z obecnosci atomoéw o wiasciwosciach elektronodonorowych
takich jak: azot, siarka oraz tlen, wystepujacych zaréwno w tancuchu gtownym, jak i bocznym
peptydu [18,19]. Z tego wzgledu opisywane zwigzki sg wykorzystywane w warstwach
receptorowych biosensoréw do oznaczania jonow metali [16,20,21]. Znanych jest kilka zasad,
ktérymi nalezy kierowac sie podczas projektowania peptydowego receptora selektywnego na
wybrany kation. ,,Twarde” kationy (wedtug klasyfikacji Pearsona) o malej polaryzowalnosci,
takie jak Li(1), K(1I), Na(l), Ca(ll), Ba(ll), Mg(ll) oraz AI(III), preferuja tworzenie kompleksow
poprzez oddziatywania migdzyczasteczkowe, gtownie z atomami tlenu obecnymi w grupach
karboksylowych peptydu. Z kolei ,,migkkie” jony metali o duzej polaryzowalnosci, do ktérych
naleza Ag(Il), Hg(I), Cd(II), chetniej oddziatuja z atomami azotu reszt histydyny, argininy, czy
lizyny oraz siarki, wystepujacej w reszcie cysteiny. Ponadto nalezy wyrdzni¢ kationy metali
o wlasciwosciach posrednich (m.in. jony Cu(Il), Ni(I), Zn(II), Fe(I)), ktore mogg by¢ wigzane
przez wszystkie wspomniane atomy donorowe, jednak preferencyjne w tym przypadku wydaje

si¢ oddzialywanie z atomami azotu pierscienia imidazolowego histydyny [22].

Sekwencje aminokwasowe bogate w reszty histydylowe sa najbardziej charaktery-
stycznymi motywami, wystepujacymi w peptydach 1 biatkach wigzacych jony Cu(Il). Atom
azotu pierScienia imidazolowego jest zazwyczaj miejscem kotwiczacym jon metalu,

konkurujac o ten kation lub jeszcze czesciej — gdy koniec aminowy peptydu nie jest
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zablokowany (np. przez grupe acetylowa) — wspotuczestniczac w jego wigzaniu z grupg
aminowa. Co wigcej, pozycja reszty histydyny wptywa na wiasciwo$ci strukturalne oraz
termodynamiczne tworzacego si¢ kompleksu [18]. Z tego wzgledu wiele zespotéw prowadzi
szczegblowe badania majace na celu scharakteryzowanie wiasciwosci metalokompleksow
peptydow o roznej pozycji histydyny w sekwencji aminokwasowej. Szczegolnie obiecujace
wyniki 1 wysokie powinowactwo do jondw metali uzyskano dla peptydow, gdzie reszta

histydyny znajduje si¢ w pierwszej, drugiej lub trzeciej pozycji (Rysunek 1) [23,24].

His1:H,N|-HXZ- CONH,
His2: H,N|-XHZ- |CONH,
His3: H,N|-XZH-|(CONH,

Korcowa grupa Zabezpieczona koncowa
aminowa grupa karboksylowa
»N-koniec” »C-koniec”

Rysunek 1. Schemat sekwencji peptydowych zawierajgcych najwazniejsze motywy koordynacyjne

wigzgce jony metali przejsciowych wraz ze wskazaniem koncowych grup peptydu.

Wsrod motywow koordynacyjnych, ktore efektywnie wigzg biologicznie istotne jony
metali takie jak Cu(Il) oraz Ni(II), unikalne wtasciwosci receptorowe wykazuje motyw His2
(XHZ), w ktorym histydyna zajmuje drugie miejsce w sekwencji aminokwasowej. Peptydy
o takiej strukturze wiaza jony Cu(Il) lub Ni(Il) angazujac trzy atomy azotu (3N) pochodzace
z niezabezpieczonej koncowej grupy aminowej, pierscienia imidazolowego histydyny oraz
wigzania peptydowego pomiedzy dwoma pierwszymi resztami aminokwasowymi [N®™, N'™,
N]. Kompleks ten jest wyjatkowo trwaly, co wynika z powstania stabilnych termodynamicznie
pierscieni pigciocztonowych (migdzy azotem aminowym i amidowym) i sze§ciocztonowych
(miedzy azotem amidowym i azotem pierscienia imidazolowego histydyny), Rysunek 2. Sfera
koordynacyjna jonu centralnego w takim kompleksie dwusktadnikowym (binarnym) jest
niewysycona. Czwarte miejsce w pozycji ekwatorialnej zajmuja najczesciej czasteczki wody,
ktore stabo oddziatuja z kompleksem binarnym i moga by¢ zastapione przez inne zwiazki
0 znacznie wyzszym powinowactwie (np. imidazol) prowadzac do powstania stabilnego uktadu

trojsktadnikowego (ternarnego) [25-27].
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Rysunek 2. Przykladowa struktura metalokompleksu peptydowego posiadajgcego motyw koordynacyjny
His2. R1, Rs oznacza odpowiednio pierwszq i trzecig reszte aminokwasowq, ktora moze by¢ dowolng

resztq oprocz Pro i Cys.

Przedstawicielem omawianej grupy peptydow jest naturalnie wystgpujacy w organizmach
zywych peptyd o sekwencji Gly-His-Lys (GHK) [24]. Jego kompleks z jonami miedzi(ll),
Cu(I)-GHK, posiada wtasciwosci przeciwzapalne i regeneracyjne oraz znany jest jako czynnik
gojenia ran [28,29]. Warto wspomnie¢ takze o peptydach, ktére sa S$cisSle zwigzane
z neurodegeneracyjng chorobg Alzheimera (AD, ang. Alzheimer’s Disease). U 0s6b chorych na
AD zaobserwowano pojawienie si¢ zwyrodnieniowych zmian w mdzgu, nazywanych splotami
neurofibrylarnymi oraz ptytkami starczymi. Wewnatrzkomorkowe sploty neurofibrylarne
sktadaja si¢ glownie z bialka tau, a zewnatrzkomorkowe plytki starcze, okreslane réwniez jako
blaszki starcze, z peptydow B-amyloidu (AB). Wspomniane peptydy AP powstaja w wyniku
enzymatycznego cigcia bialka prekursorowego APP (ang. Amyloid Precursor Protein).
Wyréznia si¢ dwa szlaki proteolizy APP: nieamyloidogenny oraz amyloidogenny.
W przypadku pierwszego z nich, APP trawione jest przez a- oraz y-sekretazg, co prowadzi do
uwolnienia krotkich i nietoksycznych fragmentow biatka, ulegajacych szybkiej degradacji.
Natomiast w drugim (amyloidogennym) szlaku biatko prekursorowe jest hydrolizowane przez
B- oraz y-sekretaze, co prowadzi do powstawania toksycznych form APi-40 1 AP1-42. Oprocz
wspomnianych, w organizmie ludzkim wykryto takze inne izoformy AP, ktére mogag by¢
skrocone badz dodatkowo modyfikowane na koncu aminowym: APpz-a2, APa-a2 czy APi1-42.
Za ich istnienie odpowiedzialne sg takie enzymy jak neprylizyna, plazmina, a takze
wspoéltdziatanie a- i B-sekretaz [30-32]. W 2012 roku odkryto, ze podawanie osobom chorym
na AD potencjalnych substancji leczniczych hamujacych dzialanie B-sekretazy 1 (BACE1L)
prowadzi do aktywowania kaspaz, w wyniku czego wytarzane s3 formy Aps.42 oraz As.40
[33,34]. W ich sekwencji aminokwasowe] reszta histydyny wystepuje w pozycji drugiej,
a zatem, podobnie jak GHK, posiadaja one motyw wigzacy His2, nadajacy im unikalne
wiasciwosci koordynacyjne.
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Metalokompleksy peptydow His2 badano takze migdzy innymi pod katem okreslenia ich
wiasciwosci katalitycznych oraz aktywnosci antybakteryjnej [35,36]. Co wigcej, ze wzglgdu na
struktur¢ chelatow, badacze skupili si¢ na analizie ich zdolnosci do tworzenia ukladéw
ternarnych z innymi ligandami, poniewaz oddziatywania tego typu odgrywaja znaczacg rolg
w wielu procesach zachodzacych w uktadach biologicznych, takich jak transport zwigzkow
niskoczasteczkowych oraz jonow [25,27,37,38]. Warto jednak podkresli¢, ze omawiane
wlasciwosci moga réwniez zostaé wykorzystane podczas projektowania nowych receptorow

molekularnych selektywnych na aniony.

1.2. Aniony fosforanowe i receptory wykorzystywane do ich rozpoznawania

Ujemnie naladowane czasteczki — aniony, pelnig wiele waznych funkcji w uktadach
biologicznych, medycynie oraz $rodowisku. Zaburzenia pracy narzadéw i stany chorobowe
czesto wigza si¢ z nieprawidtowa homeostaza elektrolitoéw. Co istotne, wigkszo$¢ substratow
i kofaktoréw enzymow, ale réwniez przekazniki energii i informacji, ma posta¢ czasteczek
natadowanych ujemnie. Nalezy takze mie¢ na uwadze problem zanieczyszczenia srodowiska
naturalnego, np. anionami azotanowymi(V) i fosforanowymi(V), ktory do tej pory pozostaje

nierozwigzany.

Wszechstronne znaczenie aniondw od wielu lat sktania naukowcow do poszukiwania
nowych receptorow 1 badania mechanizméw ich rozpoznawania. Liczba znanych oraz
scharakteryzowanych syntetycznych receptoréw aniondéw jest jednak znacznie mniejsza niz
receptoréw kationdw, a trudnosci w ich projektowaniu wynikaja z istotnych réznic pomiedzy
czasteczkami natadowanymi dodatnio 1 ujemnie. W przypadku anionéw obserwuje si¢ duza
roznorodno$¢ ksztattu, rozmiaru i tadunku, co zwigksza wymagania dotyczace rozmiaru oraz
geometrii miejsc wigzacych receptora. Ponadto ze wzglgedu na silng hydratacje, receptor
powinien efektywnie konkurowaé z czasteczkami rozpuszczalnika [39]. Rownie waznym
czynnikiem jest wystepowanie ujemnie natadowanych czasteczek w roznych formach oraz
stopniu  protonowania zaleznym od pH S$rodowiska. Nalezy zatem pamigtac
o zaprojektowaniu receptora w taki sposob, aby grupy odpowiadajace za kompleksowanie

anionu byty zdeprotonowane w zakresie pH wystgpowania jego danej formy.

Na szczegbdlng uwage wsroéd anionow zastugujg fosforany(V), ktore wchodza w skiad
fosfolipidow, bedacych podstawowym budulcem bton komorkowych. Ponadto odpowiadaja

one za syntez¢ ATP, czyli niezbednego zrodta energii dla proceséw komorkowych. Oprocz tego
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grupy fosforanowe sg no$nikami informacji genetycznej, poniewaz stanowig ponad 25% masy
DNA. Fosforany to rowniez gtéwny sktadnik kosci i zgbow, odpowiadajg za mineralizacje
szkieletu oraz prawidlowe dzialanie migsni. Az 70% fosforanéw znajdujacych si¢ we krwi ma
posta¢ zwigzkéw organicznych, do ktorych zalicza si¢ fosfolipidy, za$§ pozostata czesé
wystepuje w formie fosforandw nieorganicznych, tj. H2POs, HPO4?, POs> Kontrolowanie
stezenia tych jonéw we krwi pozwala na diagnostyke chorob kosci, nerek i tarczycy.
Prawidlowy poziom fosforanow we krwi u oséb dorostych waha si¢ od 0,8 mM do 1,5 mM
[40,41]. W plynie mozgowo-rdzeniowym nieorganiczne aniony fosforanowe wystepuja
W znacznie nizszym stezeniu, ktore nie powinno przekracza¢ 0,7 mM [42,43]. Z drugiej strony
zawarto$¢ wewnatrzkomorkowa jest wyzsza niz w plynach ustrojowych i moze wynosié,
w zaleznosci od rodzaju tkanki, poziomu hormonéw oraz pH, od 1,0 do 5,0 mM [40,44].
Zaburzenia homeostazy fosforanow moga prowadzi¢ do hiper- lub hipofosfatemii,

powstawania chorob sercowo-naczyniowych oraz zwiekszac ryzyko $mierci.

budowa DNA i RNA skladnik zebow i kosci

uwalnianie tlenu z oksyhemoglobiny sktadnik miesni

budowa fosfolipidow

gl
[

Rysunek 3. Schemat przedstawiajqcy najwazniejsze funkcje fosforanow w organizmie czlowieka.

Fosforany(V) maja duze znaczenie dla $rodowiska naturalnego, a przede wszystkim dla
stanu wod powierzchniowych. Ich nadmiar prowadzi bowiem do eutrofizacji wod i zakwitu
glondéw. Poziom fosforanow w probkach srodowiskowych jest znacznie nizszy niz w uktadach
biologicznych. Sumaryczna zawarto$¢ aniondéw fosforanowych w stojacych zbiornikach
wodnych nie powinna przekracza¢ 0,25 pM, z kolei w wodach plynacych 1,0 uM [40].
Ze wzgledu na tak duze znaczenie fosforanow, wysitki naukowcoOw skupiajg si¢ na

opracowaniu nowych metod oznaczania tych anionéw. Szczegoélnie atrakcyjnym rozwigzaniem
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wydaje si¢ zastosowanie sensorow chemicznych, jednakze ich konstrukcja wymaga syntezy
receptorow molekularnych zdolnych do selektywnego oddziatywania z analitem. Zadanie to
jest wyjatkowo trudne ze wzgledu na ré6zne wymagania dotyczace selektywnosci i czulo$ci,
jakie stawiane sg zwigzkom rozpoznajacym fosforany w zalezno$ci od pochodzenia badane;j
probki. Wobec tego, receptory odpowiednie do celow bioanalitycznych rzadko speiniajg

wymagania stawiane w badaniach §rodowiskowych.

W naturze rozpoznawanie aniondéw fosforanowych(V) odbywa si¢ gléwnie poprzez
oddziatywania mi¢dzyczgsteczkowe, takie jak: elektrostatyczne, n-m stacking, hydrofobowe,
a przede wszystkim wigzania wodorowe [39,45]. Peptydy i1 biatka zbudowane z reszt
aminokwasowych mogg bra¢ udzial we wspomnianych oddzialywaniach, wykorzystujac
odpowiednie grupy funkcyjne. Przyktadem jest biatko wigzace aniony fosforanowe (PBP, ang.
phosphate-binding protein), ktére wystgpuje w bakteriach. O selektywnosci rozpoznawania
fosforandéw przez PBP decyduje przede wszystkim mozliwo$¢ tworzenia dodatkowego
wigzania mi¢dzy atomem tlenu grupy karboksylowej biatka, pochodzacej od reszty kwasu
asparaginowego w pozycji 56 (Asp56), a atomem wodoru anionu wodorofosforanowego(V)
(Rysunek 4). Dodatkowo obecna w bialku grupa guanidynowa argininy (Argl35) peini
podwojna funkcje, jest donorem wigzania wodorowego oraz oddzialuje elektrostatycznie

z czasteczka anionu [46].
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Rysunek 4. Schematyczne przedstawienie wigzania anionu fosforanowego(V) przez biatko PBP [46].

Badacze coraz czesciej siggaja po rozwigzania jakie stosuje natura, dlatego dzialanie wielu
syntetycznych receptorow fosforanéw jest inspirowane mechanizmami rozpoznawania

majacymi miejsce w uktadach biologicznych. Jedng z najbardziej znanych grup w literaturze
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stanowig zwiazki natadowane dodatnio, tj. receptory z grupami aminowymi, pirolowymi oraz
guanidynowymi [47-49]. Oprocz tego coraz wigksze zainteresowanie skupia si¢ wokot
peptydow cyklicznych, ktére z kolei sg gtownie neutralnymi czasteczkami, zbudowanymi
z reszt aminokwasowych naprzemiennie z pochodnymi kwasu aminobenzoesowego [50].
Cechag charakterystyczng wspomnianych zwigzkéw jest sztywna struktura szkieletu, co
zapewnia kontrol¢ nad ich rozmiarem i ksztalttem. Z drugiej strony mozliwa jest réwniez
modyfikacja tancuchéw bocznych tych peptydow, co pozwala na zwigkszenie selektywnosci

potencjalnego receptora wzgledem rozpoznawanego anionu.

Bardzo duza wada zwigzkoéw organicznych nasladujacych naturalne receptory jest ich
ograniczone zastosowanie w $rodowisku wodnym ze wzgledu na slabe oddzialywania
migdzyczasteczkowe, uniemozliwiajace przezwycigzenie wysokiej entalpii hydratacji anionu
fosforanowego. Pokonanie wysokiej energii hydratacji jest mozliwe dzigki silniejszym
oddzialywaniom takim jak kwas-zasada Lewisa. Bardzo liczng grupa zwiazkow,
wykorzystujaca tego typu oddziatywania, sg metalokompleksy (np. metaloporfiryny),
w ktorych kation metalu stanowi kwas Lewisa [40,51,52]. Z praktycznego punktu widzenia
cecha wyrdzniajaca te grupe receptorow jest mozliwo§¢ zastosowania technik
spektroskopowych (jezeli zwigzek jest chromoforem lub fluoroforem) lub elektrochemicznych
(gdy wykazuje aktywnos$¢ redoks) do $ledzenia oddziatywan z analitem. Ponadto
w przypadku, gdy chelaty posiadajg niewysycong sfere¢ koordynacyjng jonu centralnego,
rozpoznawanie anionu moze by¢ zwigzane z oddziatywaniem kwas-zasada Lewisa z kationem

metalu i utworzeniem uktadu trojsktadnikowego [40,53].

Metalokompleksy peptydéw z motywem koordynacyjnym His2 tacza poszukiwane cechy
idealnego receptora aniondéw fosforanowych(V) wystepujace w naturalnych biatkach
rozpoznajacych aniony oraz w syntetycznych receptorach umozliwiajacych ich skuteczna
detekcje. Sekwencje peptydow mozna optymalizowac wzbogacajac ja o reszty aminokwasowe
zapewniajgce wysokie powinowactwo zarowno do aniondéw fosforanowych, jak i jonu metalu.
Natomiast, obecnos$¢ w czasteczce aktywnego redoks kationu metalu przejsciowego Cu(Il) lub
Ni(ll) pozwala na badanie oddziatywan receptor-analit za pomoca technik elektrochemicznych
[54]. Jednakze, pomimo przedstawionych powyzej bardzo obiecujacych wlasciwosci, zwigzki

te nie zostaty dotychczas szczegdtowo zbadane pod katem ich zdolno$ci receptorowych.

Problematyke te podjeto w ramach niniejszej rozprawy doktorskiej, a uzyskane wyniki

badan dotyczace mozliwosci opracowania receptoréw molekularnych, wykorzystujacych
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metalokompleksy peptydowe, selektywnych wzgledem wybranych anionéw zostaly zebrane

w cyklu pigciu powigzanych tematycznie artykuldéw naukowych:

P1. N.E. Wezynfeld A. Tobolska, M. Mital, U.E. Wawrzyniak, M.Z. Wiloch, D. Plonka,
K. Bossak-Ahmad, W. Wroblewski, W. Bal, APs.x Peptides: N-Terminal Truncation
Yields Tunable Cu(ll) Complexes, Inorg. Chem. 59 (2020) 14000-14011.

P2. A. Tobolska, N.E. Wezynfeld, U.E. Wawrzyniak, W. Bal, W. Wroblewski,
Copper(11) complex of N-truncated amyloid-p peptide bearing a His-2 motif as a potential
receptor for phosphate anions, Dalton Trans. 50 (2021) 2726-2730.

P3. A. Tobolska, N.E. Wezynfeld, U.E. Wawrzyniak, W. Bal, W. Wroblewski,
Tuning Receptor Properties of Metal-Amyloid Beta Complexes. Studies on the Interaction
between Ni(Il)-ABs-9 and Phosphates/Nucleotides, Inorg. Chem. 60 (2021) 19448-19456.

P4. A. Tobolska, N.E. Wezynfeld, U.E. Wawrzyniak, W. Bal, W. Wroblewski,
Metal-Peptide Complexes — A Novel Class of Molecular Receptors for Electrochemical
Phosphate Sensing, Chem. Proc. 5 (2021) 39 _1-39 4.

P5. A. Tobolska, K. Glowacz, P. Ciosek-Skibinska, W. Bal, W. Wrdblewski,
N.E. Wezynfeld, Dual mode of voltammetric studies on Cu(ll) complexes of His2 peptides:
phosphate  and  peptide  sequence  recognition, Dalton  Trans. (2022)
DOI: 10.1039/D2DT03078K.

Petne teksty publikacji, w ktorych przedstawiono przeglad literatury tematu, metodyke
oraz szczegOtowy opis wynikow badan zrealizowanych w ramach rozprawy doktorskiej
zebrano na koncu niniejszej pracy. W rozdziatach 3-4 zaprezentowano natomiast zwigzle
omowienie 1 podsumowanie catosci uzyskanych rezultatow — komentarz do cyklu artykutow

naukowych stanowigcych rozprawe doktorska.
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Rozdzial 2

Cel 1 zakres pracy doktorskiej

W  poprzednim rozdziale wykazano, ze istnieje ciaggla potrzeba projektowania
selektywnych 1 czutych receptorow molekularnych efektywnie rozpoznajgcych aniony
w warunkach fizjologicznych. Jest to zadanie, ktore do dzi§ pozostaje wyzwaniem.
W zwigzku z powyzszym gldwnym celem niniejszej pracy doktorskiej byto opracowanie nowe;j
klasy receptoréw molekularnych rozpoznajacych aniony, wykorzystujacych metalokompleksy
peptydowe. Wyrdzniajaca cecha proponowanej grupy zwigzkow jest mozliwos¢ modyfikacji
ich struktury (zmiana jonu centralnego oraz sekwencji aminokwasowej peptydu), ktora moze
skutkowaé poprawa ich wlasciwosci receptorowych. Ponadto obecno$¢ centrum metalicznego
w uktadzie pozwala na zastosowanie elektrochemicznych technik detekcji, ktore stanowia
proste i wygodne narzedzie pozwalajace na badanie oddziatywan receptora z potencjalnym
analitem, a w przysztosci konstrukcje nowych biosensoréw. W ramach pracy doktorskiej

zaplanowano nastepujace zadania:
e wybor sekwencji peptydowej sposrod B-amyloidow posiadajacych motyw wigzacy His2;

e okreslenie wlasciwosci fizykochemicznych kompleksow binarnych modelowej czasteczki

peptydu z jonami Cu(ll) i Ni(ll);

e Dbadanie oddzialywan metalokomplekséw z anionami fosforanowymi 1 wybranymi

nukleotydami;

e zaprojektowanie biblioteki peptydow opartej na modelowej sekwencji AP pod katem
optymalizacji struktury i wyselekcjonowania czasteczki peptydu, ktorej metalokompleks

charakteryzuje si¢ najwigkszym powinowactwem wzgledem aniondéw fosforanowych.

W trakcie realizacji powyzszych zadan wykorzystane zostaly nastepujace metody
i techniki badawcze: spektrofotometria UV-vis, spektroskopia dichroizmu kotowego
(CD, ang. Circular Dichroism), miareczkowanie potencjometryczne, woltamperometria
cykliczna (CV, ang. Cyclic Voltammetry) oraz woltamperometria pulsowa rdéznicowa
(DPV, ang. Differential Pulse Voltammetry). Wszystkie peptydy badane w niniejszej pracy
zostaly zsyntezowane W grupie prof. Wojciecha Bala (Instytut Biochemii i Biofizyki Polskiej
Akademii Nauk).
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Rozdzial 3

Wyniki badan

3.1. Wybor peptydu z motywem koordynacyjnym His2

Cykl publikacji naukowych stanowigcy niniejszg rozprawe doktorska przedstawia kolejne
etapy badan nad opracowaniem nowej klasy receptorow molekularnych wykorzystujacych,
dotychczas nierozpatrywane pod tym katem, metalokompleksy peptydowe. Prace rozpoczgto
od wyselekcjonowania peptydu zawierajacego domeng¢ wigzacg His2, dla ktoérego
przeprowadzono dalsze badania. Wedlug zalozen miala by¢ to czasteczka o sekwencji
aminokwasowej wystepujacej w peptydach naturalnych. Wyboru dokonano sposrod
N-koncowych fragmentéw B-amyloidu na podstawie wynikow badan ich kompleksow
z kationem Cu(Il), ktore opisano w publikacji P1l. APsx s3 formami wystepujacymi
w niewielkiej ilo§ci w mdzgu 0sob chorych na AD, jednak ich stezenie wzrasta po wdrozeniu
leczenia inhibitorami BACE (ang. p-side APP Cleaving Enzyme). Zainteresowanie tg grupa
peptydow wynikato nie tylko z obecnos$ci domeny His2, ale rowniez z bardzo cickawej
sekwencji aminokwasowej, w ktorej przy motywie wigzacym jony Cu(Il) usytuowane sg reszty
Arg 1 Asp, wykorzystywane takze przez inne grupy badawcze w projektowaniu receptoréw

molekularnych rozpoznajacych aniony, w szczegdlnosci fosforany(V).

Celem badan przedstawionych w pracy P1, prowadzonych we wspotpracy z grupg prof.
Wojciecha Bala z Instytutu Biochemii 1 Biofizyki PAN, byt termodynamiczny i strukturalny
opis oddzialywania jonéw Cu(Il) z niedawno odkryta formg B-amyloidu (APsx), a takze
wyznaczenie wlasciwosci redoks powstatych komplekséw. Szczegotowe) analizie poddano
nastepujace analogi: APs.16, APs-12 0raz Aps-o. Badania wykazaty, ze w warunkach zblizonych
do fizjologicznych (pH 7,4) ABs.12 oraz ABsg wigza jony Cu(Il) tworzac koordynacyjnie
niewysycone zwiazki typu 3N [N@", N'™ N-]. Wyniki miareczkowania potencjometrycznego,
pomiaréw spektroskopowych UV-vis oraz dichroizmu kolowego (CD) pozwolily na
wyznaczenie wartosci warunkowych statych trwatlosci w pH 7.4 tych dwoch
metalokompleksow (K©), wynoszacych ponad 5-102 M. Jeszcze wyzsza wartoécia
charakteryzowat si¢ chelat najdtuzszej pochodnej APs.16, ktora oprocz reszty His w pozycji
drugiej, posiadata rowniez dwie kolejne reszty histydyny (His13/His14, przyjmujac numeracje

wzgledem sekwencji APix) w dalszej czesci peptydu, mogace stanowi¢ dodatkowe miejsce
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wigzania jonu Cu(Il). Taka struktura umozliwita utworzenie wyjatkowo stabilnego kompleksu
wewnatrzczasteczkowego, w ktorym czwarte miejsce w pozycji ekwatorialnej metalu
zajmowal atom azotu pierScienia imidazolowego His13/14. W pracy przedstawiono takze
szczegblowa analize wlasciwosci elektrochemicznych powstajacych chelatéw. Wyniki badan
wykazaly, ze w kazdym z badanych uktadéw jony Cu(Il) ulegaty zarowno procesowi redukcji
do Cu(l), jak i utleniania do Cu(lll) (Rysunek 10, P1). Mozna zatem stwierdzié, ze kompleksy
Cu(I1)-ABs-x tacza w sobie wlasciwosci redoks kompleksu Cu(Il)-AP1-x, gdzie zaobserwowano
tylko proces redukcji oraz Cu(ll)-APasx, dla ktorego nastepowata reakcja utleniania centrum
metalicznego oraz jego redukcja przy bardzo niskim, nicosiggalnym fizjologicznie potencjale
wynoszacym -0,96 V vs. Ag/AgCI [55-57]. W przypadku peptydow APs.12 oraz APs.is,
posiadajacych w swojej sekwencji aminokwasowej reszte Tyr (Y), zarejestrowano takze
dodatkowy sygnat zwigzany z procesem utleniania wspomnianej reszty aminokwasowe;,
wystepujacy przy potencjale zblizonym do potencjalu utleniania centrum metalicznego.
Z punktu widzenia niniejszej rozprawy waznym aspektem badan byta rowniez wstgpna ocena
zdolnos$ci metalokompleksow Afsx do tworzenia ukladéw ternarnych. Wprowadzenie
imidazolu (Im), prostej czasteczki nasladujacej reszty His w peptydach i biatkach, jako
trzeciego sktadnika do roztworu kompleksow Cu(Il) z APs.12 oraz APs.9 wywotato znaczace
zmiany w ich wlasciwosciach spektroskopowych i redoks (Rysunek 9-10, P1). W przypadku
widm zarejestrowanych technika spektroskopii dichroizmu kotowego odnotowano
przesunigcie i wzrost intensywnosci pasma przejscia d-d i CT (ang. charge transfer), natomiast
na krzywych woltamperometrycznych zaobserwowano zmiang¢ potoZenia piku utleniania
Cu(Il)/Cu(IlI). Rezultaty te wskazaty na zastgpienie czasteczki wody w strukturze 3N przez

atom azotu pierscienia imidazolowego, a zatem utworzenie kompleksu ternarnego.

Biorac pod uwage wyniki badan wykonanych dla peptydéow APs.x oraz ich kompleksoéw
z jonami Cu(Il), do dalszych etapow prac nad projektowaniem receptorow molekularnych
wybrano najkrotszy analog APs-9, zbudowany z pieciu aminokwaséw (Rysunek 5). Decyzje
takg podjeto biorgec pod uwage usytuowanie oraz liczbe reszt His w sekwencji aminokwasowe;.
Zalozono, ze aby zwickszy¢ prawdopodobienstwo oddziatywania z potencjalnym analitem
peptyd powinien posiada¢ reszt¢ His jedynie w pozycji drugiej. Obecno$¢ dodatkowych
motywow His moglaby doprowadzi¢ do utworzenia zamknigtej struktury wewnatrzczasteczko-
wego makrochelatu (tak jak to wykazano dla APs.16), znacznie utrudniajac oddziatywanie
ternarne z potencjalnym analitem. Co wigcej, wedlug wstgpnych zatozen, dziatanie docelowego

receptora miato opiera¢ si¢ na zmianie jego wlasciwosci redoks w wyniku oddziatywania
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z rozpoznawang czasteczka. Z tego powodu drugim kryterium selekcji byl charakter
elektrochemicznej odpowiedzi metalokompleksow. Jak udowodniono, obecnos¢ reszty Tyr
w lancuchu peptydowym APs.12 utrudniata analize pomiaréw elektrochemicznych, poniewaz jej
utlenianie byto procesem nicodwracalnym, a rejestrowany sygnal pradowy potozony byt blisko
sygnatu odpowiadajacego utlenianiu centrum metalicznego. Z tych powodéw, w nast¢pnych
doswiadczeniach skupiono si¢ na najkrotszym analogu APsx opisanym w pracy P1l, APs.o,
posiadajagcym domen¢ His2, ale bez dodatkowych motywoéw zawierajacych reszty histydyny
i tyrozyny.

.
H2N\I¢NH2

NH -
O

NEeS
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Rysunek 5. Sekwencja aminokwasowa Afs.9 wystepujgca w pH 7,4. Kolorem niebieskim i czerwonym

+

HsN

wyrozniono odpowiednio reszte Arg i Asp, ktore potencjalnie mogq bra¢ udzial w oddziatywaniu

Z anionami.

3.2. Badania wlasciwosci kompleksu ABsoz jonami Cu(ll)

Celem dalszych badan, przedstawionych w publikacji P2, byla szczegdtowa analiza
woltamperometryczna oddziatywan kompleksu Cu(Il)-APs.9 z anionami fosforanowymi(V).
Eksperymenty te uzupetniono o pomiary spektroskopowe CD oraz UV-vis, ktore pozwolity na
oszacowanie warunkowej stalej wigzania anionow fosforanowych przez badany kompleks.
Ponadto rozwazajgc zastosowanie Cu(II)-APs.o W roli receptora molekularnego, zbadano

wplyw potencjalnych interferentow na jego wtasciwosci elektrochemiczne i spektralne.

Pomiary rozpoczeto od wstepnej analizy procesow redoks zachodzacych w kompleksie
Cu(Il)-ABs-9 przed dodaniem i po dodaniu 20-krotnego nadmiaru anionéw fosforanowych do
uktadu, z wykorzystaniem techniki woltamperometrii cyklicznej (CV) (Rysunek 2, P2).
W zakresie ujemnych potencjatéw zaobserwowano proces redukcji Cu(11)/Cu(l) w kompleksie

binarnym. Warto nadmieni¢, ze duza réznica potencjatow katodowego piku redukcji oraz
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anodowego piku utleniania wskazywata na wolny proces przeniesienia elektronu, zwigzany
prawdopodobnie z koniecznoscig reorganizacji struktury wskutek zmiany stopnia utlenienia
jonéw Cu(Il). Ponadto w badanym kompleksie zarejestrowano proces utleniania Cu(II)/Cu(I1I),
ktory wystepowal przy potencjale wynoszgcym 1,20 + 0,01 V vs. Ag/AgCl. Charakter
omawianego procesu redoks mozna opisa¢ jako nieodwracalny, ze wzgledu na brak piku
katodowego w cyklu powrotnym na krzywej cyklicznej. Powyzsze wyniki byty zgodne
z opisanymi w publikacji P1. Nastepnie do uktadu wprowadzono aniony fosforanowe(V)
1 zarejestrowano woltamperogramy w analogicznych zakresach potencjatow. Znaczne zmiany
w mierzonej odpowiedzi pradowej odnotowano jedynie dla sygnalu zwigzanego z utlenianiem
centrum metalicznego w kompleksie (tj. przesunigcie piku utleniania w kierunku ujemnych
wartosci o 150 mV), wobec tego proces ten zostat poddany szczegotowej analizie w dalszej

czesci pracy.

Szczegotowe badania oddziatywan pomigdzy Cu(Il)-ABs-9 a anionami fosforanowymi(V)
rozpoczeto od miareczkowania metalokompleksu roztworem fosforanu(V) sodu. W celu
wyeliminowania pradu pojemnos$ciowego zastosowano technike pulsowa réznicowa (DPV) do
monitorowania zmian w zachodzacych procesach elektrochemicznych. Poczawszy od
najnizszego stezenia fosforandw zaobserwowano postepujace zmiany w odpowiedzi pradowej,
t]. pojawienie si¢ 1 wzrost intensywnosci pragdu nowego sygnatu, swiadczace o tworzeniu si¢
uktadu trojsktadnikowego Cu(Il)-ABso/fosforan (Rysunek 3, P2). Warto wspomnieé, ze
przesunigcie potencjatu utleniania Cu(I)/Cu(Ill) w kierunku mniej dodatnich wartos$ci
wskazato takze na stabilizacj¢ formy Cu(Ill) w badanym uktadzie. Aby zweryfikowaé wyniki
pomiaréw elektrochemicznych, wykonano podobny eksperyment z wykorzystaniem
spektroskopii dichroizmu kotowego w zakresie UV-vis. Sukcesywne zmiany w obrebie pasma
przejscia d-d oraz pasma CT potwierdzity tworzenie kompleksu ternarnego oraz pozwolity na
oszacowanie warunkowej stalej wigzania anionéw fosforanowych przez Cu(Il)-APs.9, ktora
wyniosta 52 M (Rysunek 4, P1). Wyniki te sugeruja, ze oddziatlywanie metalokompleksu
z ligandem jest stabe, jednakze obserwowane zmiany moga $wiadczy¢ o zastapieniu czasteczki
wody, znajdujacej sie¢ w pozycji ekwatorialnej jonu centralnego, atomem tlenu anionu

fosforanowego.

W kolejnym etapie prac dokonano oceny selektywno$ci rozpoznawania anionéw
fosforanowych(V) przez kompleks Cu(ll)-ABs9. W tym celu wykonano pomiary DPV
w roztworze zawierajacym badany zwigzek i jony chlorkowe, siarczanowe(V1) oraz octanowe,

ktére moga by¢ potencjalnymi anionami przeszkadzajacym (interferentami). Nie zaobserwo-
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wano znaczacego wpltywu jonoéw chlorkowych a takze siarczanowych na odpowiedz pradowsg
rejestrowang dla kompleksu Cu(Il)-ABs.9, mimo Ze te drugie charakteryzuja si¢ zblizong do
fosforanowych geometrig oraz hydrofilowoscig. Zauwazono natomiast przesunigcie potencjatu
utleniania jonow Cu(Il) w metalokompleksie w obecnos$ci aniondéw octanowych. Warto jednak
podkresli¢, ze w tym przypadku sygnal pradowy wystapit przy wyzszej wartosci potencjatu
w poroéwnaniu do sygnalu mierzonego dla uktadu ternarnego z fosforanami. Co wigcej,
eksperymenty prowadzone w roztworze mieszaniny wspomnianych jondéw potwierdzily
selektywnos$¢ Cu(Il)-APs.9 wobec anionow fosforanowych. Podobne wyniki uzyskano na
podstawie komplementarnych pomiaréw spektroskopowych — niewielki efekt tj. zmiane
intensywnosci pasma CT wystepujacego przy 320 nm, zaobserwowano jedynie przy bardzo
wysokim nadmiarze molowym jonéw siarczanowych lub octanowych w roztworze. Otrzymane
rezultaty wykazaly najwiekszy wplyw anionéw fosforanowych na wlasciwosci
elektrochemiczne i spektroskopowe Cu(ll)-ABs.9, a takze podkreslity zalety technik
elektrochemicznych (np. w porownaniu do technik spektroskopowych) w badaniu oddzialywan

metalokomplekséw peptydowych z innymi ligandami.

Rozpoznawana przez badane metalokompleksy grupa fosforanowa wystepuje nie tylko
W postaci anionu nieorganicznego, ale takze wchodzi w sktad bardziej skomplikowanych
bioczasteczek, takich jak np. nukleotydy. Zwiazki te sa podstawowym sktadnikiem kwasow
nukleinowych oraz przekaznikami sygnatow potrzebnych do przeprowadzenia podstawowych
procesoOw zachodzacych w komorkach. Oprocz ugrupowan fosforanowych, nukleotydy
zbudowane sg z pierScienia pirymidynowego lub purynowego, skladajacego sie ze
skondensowanych pierscieni pirymidyny i imidazolu. Posiadaja zatem kilka dodatkowych
potencjalnych atoméw donorowych, ktore moga bra¢ udziat w wigzaniu jonow Cu(Il). Majac
na uwadze obiecujace rezultaty dotyczace rozpoznawania aniondéw fosforanowych przez
kompleks Cu(Il)-ABs9, w kolejnym etapie badan okreslono wptyw adenozyno-5’-mono-
fosforanu (AMP) oraz adenozyno-5’-trifosforanu (ATP) na jego aktywnos¢ elektrochemiczng.
Obecnos¢ AMP lub ATP w roztworze Cu(I1)-ABs-o spowodowalo opisywang wczesniej zmiang
polozenia sygnatu pradowego. Zblizone wartosci potencjatow utleniania jonow Cu(Il)
w uktadzie ternarnym z anionami fosforanowymi(V) oraz AMP i ATP sugeruja oddziatywanie
metalokompleksu z grupami fosforanowymi nukleotydéw. Aby zweryfikowac¢, ktory z atomow
donorowych nukleotydu jest zaangazowany w te oddzialywania, zarejestrowano krzywe
woltamperometryczne oraz widma UV-vis (Rysunek 5, P2) dla trojsktadnikowych uktadow

Cu(I)-ABs9 z anionami fosforanowymi(V), nukleotydami oraz adening. Niewielkie zmiany
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potozenia pasma przejscia d-d w poréwnaniu z kompleksem binarnym Cu(I1)-APs.9 oOraz
zblizone potozenie sygnatdow pradowych zarejestrowanych dla uktadéw ternarnych
z fosforanami i nukleotydami sugerowaty, ze czasteczki ATP oraz AMP oddziatuja z chelatem

angazujac atom tlenu grupy fosforanowej, a nie atom azotu pier§cienia purynowego.

Podsumowujac, wyniki przedstawione w pracy P2 wykazaly, ze metalokompleks
peptydowy Cu(ll)-ABs.o charakteryzuje si¢ obiecujacymi wiasciwosciami receptorowymi,
a obserwowane istotne zmiany w wartosciach potencjatu utleniania jonu centralnego w chelacie
zwigzane sg z tworzeniem uktadow trojsktadnikowych z anionami fosforanowymi. Efekt ten
moze by¢ wykorzystany do rozpoznawania molekularnego czasteczek zawierajacych grupy

fosforanowe.

3.3. Badania wlasciwosci kompleksu ABs9z jonami Ni(ll)

Optymalizacje¢ wlasciwosci receptorowych (czutosci i selektywnos$ci) metalokompleksoéw
peptydowych mozna uzyskaé poprzez modyfikacje ich struktury. W zwiazku z tym, kolejny
etap prac dotyczyt okres§lenia wlasciwosci fizykochemicznych chelatu, w ktorym jon centralny

zostal wymieniony na kation Ni(ll). Rezultaty tych badan przedstawiono w pracy P3.

Ze wzgledu na potencjalng zalezno$¢ pomiedzy wigzaniem jondw Cu(Il) przez peptydy
B-amyloidu a wzrostem stresu oksydacyjnego w komorkach mozgu, kompleksy miedziowe sg
obiektem wigkszosci badan naukowych. Zdecydowanie stabiej poznane i opisane w literaturze
s ich analogi z jonami Ni(Il) w centrum koordynacji. Z tego wzgledu podjeto probe opisu
wigzania jonow Ni(I) przez peptyd APs.o z wykorzystaniem miareczkowania potencjometry-
cznego oraz technik spektroskopowych UV-vis i CD. Roztwory peptydu oraz jego chelatu
z jonami Ni(II) miareczkowano za pomocg stezonego roztworu wodorotlenku sodu, przy statej
kontroli pH. Zastosowanie miareczkowania potencjometrycznego byto uzasadnione, poniewaz
proces kompleksowania jonu metalu sprz¢zony jest z deprotonacja grup znajdujacych si¢
w peptydzie. Przeprowadzone eksperymenty umozliwily wyznaczenie wartosci statych
protonowania peptydu (pKa), ktore nastepnie zostaly wykorzystane do obliczenia statych
trwalosci zwigzkéw koordynacyjnych (logf) na postawie pomiarow dla roztworu peptydu
z jonami Ni(ll). Dzieki znajomosci wartosci logfs, zastosowaniu metod numerycznych oraz
dobraniu odpowiedniego modelu wigzania, wyznaczono dystrybucje poszczegdlnych form
kompleksowych Ni(Il)-APs.o dla danych warunkéw (Rysunek 1, P3). Dodatkowo obliczono
warunkowg stala trwatosci chelatu w pH 7,4 (1,7-10° M™). W celu walidacji otrzymanych

danych potencjometrycznych wykonano takze miareczkowania kwasowo-zasadowe z detekcja
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spektroskopowa (UV-vis, CD), ktore potwierdzity poprawno$¢ przyjetego modelu wigzania.
Otrzymane widma stanowily rowniez cenne zrodlo informacji 0 otoczeniu i sposobie

koordynacji kationu metalu przez peptyd.

Na podstawie uzyskanych rezultatow stwierdzono, ze w zaleznosci od pH peptyd APs-o
tworzy z jonami Ni(Il) trzy r6zne formy kompleksowe. Strukturg dominujaca w pH 7,4 jest
oktaedryczny kompleks wysokospinowy, o czym $wiadczyly trzy charakterystyczne pasma
o niskiej intensywnosci obecne na widmach UV-vis (Rysunek 2A, P3). Analiza danych
eksperymentalnych wykazata, Ze jest to tryb koordynacji typu 3N [N2™, N'™ N, podobny do
trybu zaobserwowanego dla kompleksu Cu(ll)-ABs9. Jednakze ze wzgledu na odmienng
geometrie, w przypadku Ni(I)-APs9 pozostale miejsca w sferze koordynacyjnej metalu
prawdopodobnie zajmujg az trzy czasteczki wody: jedna w pozycji ekwatorialnej, dwie zas
w pozycji aksjalnej. Wraz ze wzrostem pH zaobserwowano charakterystyczng zmiane barwy
badanego roztworu z zielonej na z6itg, a na widmie UV-vis powstanie jednego intensywnego
pasma przy dtugosci fali w zakresie 440-415 nm. W przypadku widm CD (Rysunek 2B, P3),
efekt ten byl szczegodlnie widoczny w obrebie pasm przejscia d-d, wrazliwych na zmiany
konformacyjne metalokompleksow peptydowych, i wigzat si¢ z przeorganizowaniem struktury
oktaedrycznego chelatu wysokospinowego w niskospinowy o geometrii ptasko-kwadratowej.
Reorganizacja struktury zwigzku koordynacyjnego byta spowodowana deprotonacja czasteczki
wody w pozycji ekwatorialnej, a w pH powyzej 10 — grup amidowych wigzania peptydowego.
Doprowadzito to do utworzenia odpowiednio formy 3N+OH- [N, N'™ N-, OH7] oraz
4N [N, 3N']. We wspotpracy z grupa prof. Stawomira Seka z Centrum Nauk Biologiczno-
Chemicznych Uniwersytetu Warszawskiego wykonano seri¢ pomiarow widm roztworu
Ni(ll)-ABs9 z wykorzystaniem techniki spektroskopii ostabionego catkowitego odbicia
w podczerwieni (ATR-IR, ang. Attenuated Total Reflectance). Widma metalokompleksu
zarejestrowane w roztworze o pH 7,4 oraz 11,0 potwierdzity znaczne zmiany konformacyjne,
jednak precyzyjny opis charakteru tych zmian wymagatby dalszych szczegotowych badan
metalokompleksow z zastosowaniem techniki ATR-IR. Z tego powodu wyniki te nie zostaty
zamieszczone w pracy P3, jednak planowana jest kontynuacja tej tematyki w ramach kolejnych

projektéw dotyczacych badan kompleksow peptydéw His2 z jonami Ni(II).

W zwiazku z wystgpowaniem roznych struktur kompleksu Ni(Il)-APs.o, zarejestrowana
odpowiedz pradowa (w szczegoOlnos$ci warto$¢ potencjatu utleniania Ni(Il) oraz charakter
procesu redoks) badanego uktadu byla zalezna od pH (Rysunek 3, P3). Bioragc jednak pod

uwage zastosowanie Ni(Il)-APs.9 w roli receptora anionéw fosforanowych, dalsze badania
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przeprowadzono w warunkach zblizonych do fizjologicznych (pH 7,4). Ow wybér byt ponadto
uzasadniony oktaedryczng geometria metalokompleksu, posiadajacego wigcej niz jedno
potencjalne miejsce wigzania analitu. Pomiary elektrochemiczne wykazaty, ze centrum
metaliczne w Ni(Il)-APs-o w badanych warunkach moze ulega¢ jedynie reakcji utleniania do
Ni(III). Omawiany proces byt elektrochemicznie nieodwracalny i wystepowat przy potencjale
1,02 +£0,01 V vs. Ag/AgCl, a wigc prawie 200 mV nizszym niz w przypadku utleniania jonow
Cu(II) w metalokompleksie peptydowym APs.g.

Ocena zdolnosci receptorowych kompleksu Ni(II)-APs.9 obejmowata przeprowadzanie
eksperymentow analogicznych do tych, ktoére miaty miejsce w przypadku jego odpowiednika
z jonem Cu(Il) w centrum koordynacji. W wyniku oddziatywania chelatu z anionami
fosforanowymi(V) zaobserwowano zmiang potozenia piku utleniania Ni(II)/Ni(III), a sposrod
testowanych interferentow jedynie obecnos¢ jonéw octanowych miata wplyw na potozenie
sygnatlu pradowego. Wykazano jednak, ze Ni(Il)-APs.9 preferencyjnie wigze aniony
fosforanowe (Rysunek 4, P3). W poréwnaniu z badaniami opisanymi w poprzednim rozdziale,
rozszerzono zakres eksperymentow zwigzanych z analizg wptywu bioczasteczek zawierajacych
grupy fosforanowe (nukleotydéw) na wiasciwosci redoks analizowanego metalokompleksu.
W pomiarach uwzgledniono zaréwno mono- jak i trifosforany: adenozyny — AMP, ATP,
cytozyny — CMP, CTP oraz urydyny — UMP, UTP. Odnotowano inne potozenie sygnatu
pradowego Ni(II)/Ni(Ill) dla uktadéow ternarnych z nukleotydami posiadajgcymi jedno i trzy
ugrupowania fosforanowe, przy czym rodzaj zasady azotowej nie odgrywat znaczacej roli
(Rysunek 5, P3). Najwickszy wplyw na witasciwosci redoks kompleksu Ni(II)-ABs.o miaty
nukleotydy ATP, CTP oraz UTP. W ich obecnosci odnotowano miedzy innymi przesunigcie
potencjatu utleniania Ni(II) o ok. 240 mV w stron¢ ujemnych wartosci, znaczny spadek
natezenia pradu sygnatu Ni(II)/Ni(Ill) oraz zmiang charakteru omawianego procesu na quasi-
odwracalny. Powyzszy efekt nie byl obserwowany w trakcie pomiaréw elektrochemicznych
prowadzonych w roztworze kompleksu Cu(ll)-Afs9; moze to wynika¢ ze zdolnosci
oktaedrycznego kompleksu niklowego do wigzania wiecej niz jednej nukleotydowej grupy
fosforanowej oraz jego preferencji w oddziatywaniu z grupami fosforanowymi wzgledem zasad
azotowych. Dodatkowo w przypadku szesciokoordynacyjnego zwigzku ulatwione sg
oddziatywania elektrostatyczne oraz oddzialtywania typu mn-m pomigdzy pierScieniem
imidazolowym His a pierscieniem purynowym lub pirymidynowym zasady azotowej, co ze
wzgledow sterycznych jest znacznie mniej prawdopodobne dla ptasko-kwadratowej struktury
Cu(I)-ApBs-9.
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Na podstawie przedstawionych rezultatbw mozna wnioskowaé, ze metalokompleks
Ni(l)-ABs-9 umozliwia nie tylko rozpoznawanie jonéw fosforanowych, ale takze rozroéznianie
nukleotydu AMP od ATP, co moze zosta¢ wykorzystane m.in. do monitorowania reakcji
enzymatycznych. Podkresli¢ nalezy, ze uzyskane wyniki sg niezwykle obiecujace, istnieje

bowiem tylko niewiclka grupa receptoroOw charakteryzujaca si¢ takg selektywnos$cia [58].

3.4. Porownanie wlasciwosci metalokompleksow APs.o

Podsumowanie opisanych dotychczas badan w ramach rozprawy doktorskiej stanowi praca
P4. W artykule poréwnano wtasciwosci koordynacyjne i elektrochemiczne kompleksow APs.g
z jonami Cu(Il) oraz Ni(Il), a takze ich zdolno$¢ do rozpoznawania aniondéw i grup
fosforanowych w wybranych nukleotydach. Podkreslono przede wszystkim znaczne rdznice
w wartosciach warunkowych statych trwaloéci badanych chelatow — dla kompleksu
Ni(I1)-APs-9 wartos¢ ta jest o pig¢ rzedow wielkosci nizsza niz dla Cu(Il)-APs-o (odpowiednio
1,7-10° M1i5,8-10'2 M), Uzyskane wyniki pozwolily jednak na stwierdzenie, ze w przypadku
kompleksu Ni(ll)-APs-9 jest to warto$¢ wystarczajgca na jego zastosowanie w roli receptora
fosforanéw(V). Analizowany peptyd w roztworze o pH 7,4 preferuje wigzanie jonu Ni(II)
z utworzeniem struktury o geometrii oktaedrycznej, podczas gdy z kationem Cu(ll) tworzy on
kompleks ptasko-kwadratowy (Rysunek 6). Roznice we wiasciwosciach termodynamicznych
i strukturalnych zwigzkéw wptywaja na ich odmienng aktywnos$¢ elektrochemiczna, tj. rodzaj
zachodzacych procesow redoks (utlenianie i/lub redukcja) oraz warto$¢ potencjatu utleniania

centrum metalicznego.

OH,

OH, o) R

NH,—Cu2NZ NH Rs ) ’\

2 N NH
R1_§—N'/ = SpiET 2
@] Ql/ \OHz

: 8!
OH,

Rysunek 6. Schematyczne struktury metalokompleksow Afs.o z jonami Cu(Il) i Ni(Il) wystepujgce w pH

7,4. Ry, Rs oznacza pierwszq i trzeciq reszte aminokwasowgq, ktorq stanowiq odpowiednio Arg i Asp.
Rozwazajac potencjalne wilasciwosci receptorowe analizowanych metalokompleksow,

zaobserwowano, ze bez wzgledu na rodzaj jonu metalu zmiany w ich odpowiedzi pradowe;j

wywolane obecno$ciag anionéw fosforanowych byty zblizone. W obu przypadkach odnotowano
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przesuni¢cie potencjatu utleniania centrum metalicznego (AEmmyman)) w strone ujemnych
potencjatow o ok. 150-160 mV, co moze wynika¢ z podobnej kwasowosci Lewisa kationéw
Cu(II) i Ni(II). Badane kompleksy rézni jednak ich selektywnos¢ rozpoznawania nukleotydow.
Sygnat pradowy zwigzany z utlenianiem Ni(Il)-ABs-9 mierzony byt przy ré6znych wartosciach
potencjalu w obecnosci mono- i trifosforanu adenozyny, w przeciwienstwie do Cu(Il)-Aps-9
(warto$ci potencjalow utleniania centrum metalicznego w metalokompleksach Afs.o
w obecnos$ci wybranych aniondw i1 nukleotydow zestawiono w Tabeli 1). Réznice te wynikaja
najprawdopodobniej z odmiennych struktur metalokompleksow, ktore mogg mie¢ wpltyw na
charakter ich oddziatlywania z czgsteczka AMP oraz ATP.

Tabela 1. Wartosci potencjatow utleniania centrum metalicznego wyznaczone na podstawie krzywych
DPV zarejestrowanych w roztworze 0,45 mM kompleksu Cu(Il)/Ni(l1)-4fse w obecnosci 10 mM

wybranych anionéw i nukleotydow (Srednie z trzech niezaleznych powtérzenn wraz z odchyleniem

standardowym).
Anion Ecuanycuainy (V) Enianymiai (V)
vs. Ag/AgCl + SD

CrI 1,204 + 0,002 1,008 + 0,002
SO4* 1,196 + 0,004 0,995 + 0,008
CHsCOO 1,120 + 0,004 0,948 + 0,006
H2POs/HPOs* 1,056 + 0,006 0,860 + 0,002
AMP 1,068 + 0,008 0,890 + 0,006
ATP 1,052 + 0,006 0,786 + 0,004
UMP - 0,912 £+ 0,008
UTP - 0,788 £ 0,002
CMP - 0,912 £+ 0,008
CTP - 0,824 + 0,016

Podsumowujac, zmiana centrum metalicznego kompleksow peptydowych APsg znacznie
wplywa na ich wlasciwosci koordynacyjne oraz redoks, co znajduje odzwierciedlenie w ich
roznych zdolnosciach do oddziatywania, a w szczego6lnosci selektywnego rozpoznawania
anionéow fosforanowych(V). Niemniej jednak wykazano, ze oba badane metalokompleksy
charakteryzuja si¢ obiecujagcymi witasciwo$ciami receptorowymi, a otrzymane wyniki moga
okaza¢ sig istotne z punktu widzenia projektowania nowych struktur peptydowych selektywnie

rozpoznajacych aniony o znaczeniu biologicznym.
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3.5. Wplyw sekwencji aminokwasowej na wlasciwosci kompleksow peptydow

His2 z jonami Cu(ll)

Ostatnia czg$¢ zaplanowanych prac badawczych obejmowala zaprojektowanie oraz
synteze¢ peptydow (biblioteka peptyddéw), ktorych sekwencje aminokwasowe bazowaty na
modelowej czgsteczce APs.9 (Arg-His-Asp-Ser-Gly, RHDSG) pod katem wyselekcjonowania
struktury  liganda, ktorego metalokompleks charakteryzowalby si¢ najwigkszym
powinowactwem wzgledem aniondw fosforanowych(V). Rezultaty tych badan zostaly

zamieszczone w publikacji P5.

Badana biblioteka peptydow zawierata osiem analogow APs.o (Tabela 1, P5) i powstata
poprzez wymiang pierwszej oraz trzeciej reszty aminokwasowej (tj. reszt w bezposrednim
sasiedztwie His2) na argining lub kwas asparginowy, ktore potencjalnie mogg bra¢ udziat
w oddzialywaniach miedzyczasteczkowych (wigzania wodorowe i/lub oddziatywania
elektrostatyczne), badz glicyng — najmniejszy aminokwas bez tancucha bocznego. Wzorem
poprzednich prac, przeprowadzono szczegdétowa analiz¢ wtasciwosci koordynacyjnych i redoks
pochodnych peptydéw oraz ich kompleksow dwusktadnikowych z jonami Cu(II). Oprécz tego
dokonano oceny oraz poréwnania wlasciwosci receptorowych tych zwigzkow wzgledem

wybranych anionow.

Pierwszym etapem badan w pracy P5 bylo okreslenie charakteru wigzania jonéw Cu(Il)
przez pochodne peptydow His2 oraz opis witasciwosci spektroskopowych tworzacych sie
komplekséw. W tym celu przeprowadzono miareczkowania kwasowo-zasadowe roztworow
chelatow, rejestrujac widma spektroskopii UV-vis. Podczas eksperymentéw zaobserwowano
trzy gtowne pasma. Pierwsze, wystgpujace w najbardziej kwasnym srodowisku, przy dtugosci
fali 820 nm charakterystyczne byto dla jonu Cu(Il) niezwigzanego przez ligand peptydowy.
Jego koordynacj¢ zaobserwowano w pH powyzej 3, co skutkowalo pojawieniem si¢ pasma
przejscia d-d przy ok. 605 nm i $wiadczyto o utworzeniu ptasko-kwadratowego kompleksu typu
3N [N®™ N™ N7J]. W miare wzrostu pH, na widmie absorpcji odnotowano przesunigcie
hipsochromowe powyzszego sygnatu do ok. 520 nm. Efekt ten zostal wywotany deprotonacjg
czasteczki wody w pozycji ekwatorialnej i powstaniem formy 3N+OH™ [N2", N'™ N-, OH].
Pojawianie si¢ poszczegdlnych pasm oraz ich polozenie na widmie (w funkcji pH) roéznito sie
w zalezno$ci od sekwencji aminokwasowej badanego peptydu (Rysunek 2, P5). Na tej
podstawie dokonano analizy zalezno$ci wartosci absorbancji w funkcji pH przy dtugosciach fal

zwigzanych z powstaniem dwoch gtéwnych form kompleksowych Cu(Il)-His2. Wykorzystujac
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réwnanie Hilla obliczono dla poszczegdlnych metalokompleksow warto$ci pK, odpowiadajace
wartos$ci pH, przy ktorej potowa catkowitej ilosci jondw Cu(Il) w uktadzie wystepuje w postaci
struktury typu 3N (wartos$¢ pK moze zatem stuzy¢ do poroéwnania sity wigzania jonow Cu(Il)
przez poszczegolne peptydy). Najwyzszg wartos¢ pK tworzenia chelatu 3N otrzymano dla
peptydow posiadajacych w pierwszej pozycji reszte Gly (Glyl), co wskazuje na najmniejszg
trwato$¢ tych komplekséw (Tabela 2, P5). Najnizsza wartoscia pK charakteryzowat si¢ peptyd
RHRSG. Lokalizacja reszt Arg w poblizu grup bioracych udzial w wigzaniu kationu Cu(II)
w kompleksie 3N prawdopodobnie utatwia ich deprotonacj¢ (obniza ich warto$¢ pKa),
w konsekwencji zwigkszajac stabilnos¢ chelatu. Udowodniono rowniez, ze w pH 7,4 przewaza
forma 3N kompleksow dla wszystkich badanych peptydow, co zapewnia labilne miejsce
koordynacyjne w tych warunkach i jest kluczowe z punktu widzenia oddziatywan tych

metalokompleksoéw z rozpoznawanymi anionami.

Kolejnym etapem badan byto okre§lnie wptywu sekwencji aminokwasowej peptydu na
wlasciwosci elektrochemiczne jego zwigzkow koordynacyjnych (Tabela 3 oraz Rysunek 3, P5).
Zgodnie z oczekiwaniami we wszystkich badanych uktadach kation Cu(II) ulegat tym samym
procesom redoks, ktore opisane zostaly wczesniej dla chelatu Cu(Il)-APsg (P2). Cieckawa
obserwacja byta jednak zaleznos¢ procesu utleniania Cu(Il)/Cu(IIl) od rodzaju pierwszej reszty
aminokwasowej peptydu (Rysunek 3, P5). Najwyzszy potencjal wspomnianej reakcji
odnotowano dla komplekséw peptydow posiadajagcych w tym miejscu glicyne (Glyl), za$
w przypadku peptydow, w ktorych pierwsza reszta byt kwas asparaginowy (Aspl) lub arginina
(Argl), sygnat utleniania przesunat si¢ o ok. 30-50 mV w kierunku wartos$ci ujemnych, co moze
wskazywac na stabilizacj¢ jonu Cu(Ill) w chelatach. Zanotowano jednak nizszg warto$¢ pradu
piku utleniania dla uktadow Argl, zwigzang prawdopodobnie z utrudnionym procesem dyfuzji
tych kompleksow z glebi roztworu do powierzchni elektrody pracujacej ze wzgledu na
rozbudowang grupe boczng argininy. Podczas analizy wynikéw zwrocono takze uwage na
mozliwy wptyw tadunku chelatéw na podatnos$¢ centrum metalicznego na wspomniany proces.
Wedlug literatury bardziej ujemny tadunek kompleksu moze sprzyja¢ wymianie elektronow
i w konsekwencji obniza¢ potencjal utleniania takiego zwigzku. W przypadku badanych

uktadoéw nie zaobserwowano jednak takiego efektu.

W dalszej czesci pracy analizowano wplyw obecnosci w roztworze aniondw chlorkowych,
siarczanowych(VI), octanowych 1 fosforanowych(V) na proces utleniania jonow Cu(II)
w kompleksach peptydow His2, co umozliwito ocen¢ ich selektywnosci rozpoznawania

anionéw fosforanowych. Wspolna cecha badanych chelatow okazaty si¢ bardzo stabe
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oddziatywania z jonami chlorkowymi i siarczanowymi; warto jednak podkresli¢ roznice
w charakterze ich interakcji z anionami octanowymi i fosforanowymi w zaleznosci od struktury
peptydu. Sygnat utleniania Cu(II)/Cu(Ill) w kompleksie peptydu DHDSG w obecnosci
wspomnianych jondéw wystepowatl przy zblizonym potencjale, co sugeruje jego niska
selektywno$¢ w stosunku do fosforanéw (Tabela 3 oraz Rysunek 4, P5). Powodem moze by¢
niski fadunek chelatu, wynikajacy z obecnosci w pH 7,4 zdeprotonowanych reszt Asp, ktore
przyczyniaja si¢ do stabszych oddziatywan elektrostatycznych pomigdzy analizowanymi
czasteczkami. Odmienny efekt zaobserwowano dla metalokompleksow peptydow RHGSG
oraz RHRSG, wykazujagcych najwyzsze powinowactwo do aniondéw fosforanowych,
tj. najwyzszg réznice w wartosciach potencjatu utleniania Cu(Il) w uktadzie dwusktadnikowym
i trojsktadnikowym z fosforanami. Wynik ten mozna tlumaczy¢ wysokim tadunkiem
metalokomplekséw (odpowiednio +4 i +5), jak rowniez usytuowaniem reszty Arg, posiadajacej
dodatnio natadowang grupe guanidynowa w poblizu miejsc zaangazowanych w wigzanie jonu
Cu(I) (tj. koncowej grupy aminowej Argl, wigzania peptydowego pomigdzy Argl a His2 oraz

pierscienia imidazolowego His2).

Na podstawie uzyskanych rezultatow badan stwierdzono, ze zmiana struktury peptydu
His2 wptywa istotnie na warto$¢ potencjatu utleniania jonow Cu(II) (Ecuqnyscugy) W obydwu
uktadach: dwusktadnikowym Cu(Il)-His2 oraz tréjsktadnikowym z jonami fosforanowymi(V).
Analizujgc warto$ci tego parametru dla wszystkich komplekséw zaobserwowano grupowanie
badanych ligandow peptydowych w zaleznos$ci od ich sekwencji aminokwasowej (Rysunek 5,
P5). Pierwsza grupa zawierata peptydy Gly1 i charakteryzowata si¢ najwyzszymi warto$ciami
Ecuancuany dla obydwu uktadéw. Druga sktadata si¢ z peptydow z resztami Asp, ale bez Glyl,
za$ trzecia z peptydow Argl bez Asp, w ktorych utlenianie Cu(Il) w kompleksach zachodzito
przy najnizszym potencjale. Warto zauwazy¢, ze rejestrowane wyniki pomiardw woltampero-
metrycznych dostarczaja nie tylko informacji dotyczacych potozenia sygnalow pradowych
(warto$ci Ecuqnicuany), ale takze m.in. ich intensywnosci 1 ksztattu. Z tego wzgledu, we
wspotpracy z mgr inz. Klaudia Glowacz 1 prof. Patrycja Ciosek-Skibinskg (Wydziat
Chemiczny, Politechnika Warszawska), podjeto probg zastosowania chemometrycznej analizy
odpowiedzi elektrochemicznych, zmierzonych w roztworach kompleksow pochodnych APs.o
z jonami Cu(Il) oraz uktadoéw ternarnych z anionami fosforanowymi(V), w celu sprawdzenia
mozliwosci rozroznienia oligopeptydow z motywem koordynacyjnym His2. Wykorzystujac
metode analizy glownych sktadowych (PCA, ang. Principal Component Analysis) oraz

hierarchicznej analizy skupien (HCA, ang. Hierarchical Cluster Analysis) uzyskano efektywna
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dyskryminacje peptydoéw His2, przy czym mozliwe byto rozréznienie nawet bardzo podobnych
strukturalnie oligopeptydow, takich jak RHDSG i DHRSG (Rysunek 6, P5). Otrzymane
wstepne rezultaty sg niezwykle obiecujgce i mogg stanowi¢ podstawe do opracowania szybkich
1 prostych metod rozpoznawania sekwencji peptydowych za pomocg woltamperometrycznego

elektronicznego jezyka.
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Rozdzial 4

Podsumowanie

W niniejszej rozprawie doktorskiej, stanowigcej powigzany tematycznie cykl publikacji,
przedstawiono wyniki badan majacych na celu opracowanie nowej klasy receptorow
molekularnych, wykorzystujacych metalokompleksy peptydowe, selektywnych wzgledem
anionow fosforanowych(V). Badane zwigzki zbudowane byty z kationu metalu przejSciowego
(Cu(ll) lub Ni(ll)), odgrywajacego role centrum koordynacji, oraz ligandu peptydowego,
posiadajacego w swojej sekwencji aminokwasowej histydynge w pozycji drugiej (His2).
Takie usytuowanie reszty His miato istotne znaczenie z dwoch powodow. Po pierwsze, peptydy
z takim motywem koordynacyjnym efektywnie wigzg kationy metali przejSciowych; po drugie,
powstajace kompleksy tworzg stabilne termodynamicznie uktady typu 3N charakteryzujace si¢
niewysycong sfera koordynacyjng (co jest niezwykle istotne z punktu widzenia ich zdolnosci
do rozpoznawania anionow). Ponadto obecno$¢ jonu metalu przejsciowego umozliwia
$ledzenie oddziatywan receptor-analit za pomoca technik elektrochemicznych. W tym miejscu
nalezy podkresli¢ oryginalno$¢ proponowanej struktury receptora, w ktorej kation metalu peini

funkcje zardwno centrum rozpoznajacego analit, jak i znacznika redoks.

Wstepne badania przeprowadzone dla kompleksow peptydow B-amyloidu z rodziny APs.x
z jonami Cu(Il) pozwolity na wybor zbudowanego z pigciu aminokwaséw analogu Afs-
(RHDSG) o potencjalnych wtasciwosciach receptorowych. Wykorzystujac szereg technik
pomiarowych okreslono wtasciwosci fizykochemiczne jego kompleksow z jonami Cu(Il) oraz
Ni(Il), a takze wykazano, ze w roztworze o pH 7,4 zwiazki te preferencyjnie oddzialuja
z anionami fosforanowymi(V) oraz grupami fosforanowymi nukleotydoéw, co zwigzane jest ze
znacznym obnizeniem potencjatu utleniania ich centrum metalicznego (uktadu M(IT)/M(III)).
Dodatkowo, w przypadku kompleksow Ni(II)-As.o, zarejestrowano zr6znicowane odpowiedzi
pradowe w obecnosci nukleotydow posiadajacych jedno oraz trzy ugrupowania fosforanowe,

co wydaje si¢ kluczowe z punktu widzenia mozliwos$ci rozrdzniania tego typu zwigzkow.

Na podstawie wynikow, jakie uzyskano dla kolejnych eksperymentéw, udowodniono,
ze budowa metalokompleksu peptydowego (rodzaj kationu centralnego oraz sekwencja
aminokwasowa peptydu) wptywa nie tylko na proces wigzania kationu metalu, wtasciwosci

strukturalne i elektrochemiczne powstajacych kompleksoéw, ale co najwazniejsze z punktu
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widzenia projektowania receptorow molekularnych, na ich selektywno$¢ rozpoznawania
anion6w fosforanowych(V). Dalsze prace wykorzystujace zaprojektowang biblioteke
peptydow pozwolily na wyselekcjonowanie dwoch sekwencji: RHGSG oraz RHRSG,
0 najbardziej obiecujacych wiasciwosciach receptorowych, tj. o najwyzszej selektywnosci
rozpoznawania aniondw fosforanowych. Nalezy podkresli¢ znaczng poprawe tego parametru
w stosunku do kompleksu modelowej sekwencji aminokwasowej peptydu Aps.o.
Dalsza optymalizacja struktury potencjalnego receptora, np. wprowadzenie wigkszej liczby
reszt argininy w sekwencji aminokwasowej peptydu, moze doprowadzi¢ do opracowania
nowych sensoréw elektrochemicznych wykorzystujacych metalokompleksy peptydowe
w warstwach receptorowych, umozliwiajacych oznaczanie istotnych biologicznie zwigzkéw

fosforanowych.

Interesujacym i obiecujacym rezultatem uzyskanym w trakcie realizacji niniejszej pracy
doktorskiej jest rowniez mozliwos$¢ zastosowania metalokomplekséw peptydowych nie tylko
W procesie rozpoznawania grup fosforanowych, ale takze do dyskryminacji oligopeptydow
His2 w oparciu o analize¢ chemometryczng sygnatéw elektrochemicznych mierzonych
w roztworach ich uktadéw binarnych i trojsktadnikowych. Roéznorodno$é sekwencji
peptydowych jest jednak znacznie szersza i nie ogranicza si¢ tylko do peptydow z motywem
His2. Rozwazajac rodzing peptydow B-amyloidu, ktorych kompleksy z jonami Cu(Il) wykazuja
odmienne wtasciwosci redoks, istnieje potencjalna mozliwo$¢ wykorzystania takiego podejscia
do rozrdézniania peptydow, istotnych z punktu widzenia choroby Alzheimera. Jest to nowy

kierunek badan, ktory zostanie podjety w dalszej pracy badawczej autorki niniejszej rozprawy.

Podsumowujac, wyniki zaplanowanych i przeprowadzonych badan dostarczyly waznych
informacji o mozliwych oddzialywaniach pomigdzy zwigzkami koordynacyjnymi jonow metali
z biatkami/peptydami a anionami fosforanowymi(V) powszechnie wystgpujacymi w uktadach
biologicznych. Wyjasnienie natury tych interakcji jest kluczowe dla zrozumienia wielu
patologii wywolanych nadmiernym generowaniem reaktywnych form tlenu (RFT), ktory
doprowadza do stresu oksydacyjnego. Warto réwniez podkresli¢ wyniki analizy wlasciwosci
fizykochemicznych badanego kompleksu peptydowego z jonami Ni(II). Grupy fosforanowe sa
integralng czgsécig struktury DNA 1 prawdopodobne jest ich oddziatywanie z niklowymi
kompleksami peptydéw z domeng wigzaca His2, co moze skutkowaé podwyzszeniem poziomu
RFT generowanych przez par¢ redoks Ni(II)/Ni(Ill) 1 w konsekwencji doprowadza¢ do
uszkodzenia DNA. Jak wykazano interakcja z grupami fosforanowymi zmniejsza potencjat

utleniania Ni(II) w chelacie nawet do 0,8 V vs. Ag/AgCl (jest to warto$¢ potencjatu jaka
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obserwowano dla opisanych w literaturze katalizatorow oksydacyjnej degradacji DNA).
W zwiagzku z powyzszym, kontynuacja badan opisanych w ramach niniejszej pracy bedzie
analiza aktywnos$ci biologicznej (typu nukleaza) kompleksow niklowych z ligandami
peptydowymi posiadajgcymi sekwencje His2, ktora moze okazaé si¢ kluczowa z punktu

widzenia wyjasnienia toksykologii jonéw niklu.
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Rozdzial 5
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ABSTRACT: The Af;_, peptides (x = 38, 40, 42) are minor Af} species in normal Im Higpeptide/protein  Hjs13 /1485

brains but elevated upon the application of inhibitors of Af processing enzymes. ?
(\/N (/\N
S

They are interesting from the point of view of coordination chemistry for the

presence of an Arg-His metal binding sequence at their N-terminus capable of

forming a 3-nitrogen (3N) three-coordinate chelate system. Similar sequences in

other bioactive peptides were shown to bind Cu(II) ions in biological systems. HN=""2
Therefore, we investigated Cu(Il) complex formation and reactivity of a series of NH NH—ED)
truncated Af;_, peptide models comprising the metal binding site: Af_o, Af;_1,, Argl\Xz N
APs_1,YI10F, and Af;_s. Using CD and UV-—vis spectroscopies and =
potentiometry, we found that all peptides coordinated the Cu(Il) ion with
substantial affinities higher than 3 X 10'> M~ at pH 7.4 for Afl;_; and Af;_,,. This
affinity was elevated 3-fold in Af;_;¢ by the formation of the internal macrochelate
with the fourth coordination site occupied by the imidazole nitrogen of the His13 or His14 residue. A much higher boost of affinity
could be achieved in Af;_g and Afis_,, by adding appropriate amounts of the external imidazole ligand. The 3N Cu-Af;_, complexes
could be irreversibly reduced to Cu(I) at about —0.6 V vs Ag/AgCl and oxidized to Cu(III) at about 1.2 V vs Ag/AgCl. The internal
or external imidazole coordination to the 3N core resulted in a slight destabilization of the Cu(I) state and stabilization of the
Cu(III) state. Taken together these results indicate that Af;_, peptides, which bind Cu(II) ions much more strongly than Af,_,
peptides and only slightly weaker than Af,_, peptides could interfere with Cu(II) handling by these peptides, adding to copper
dyshomeostasis in Alzheimer brains.

z
N

B INTRODUCTION direct alternative cleavage of APP, becoming possible when the
main pathway is inhibited. They can also be produced by
caspases, largely cellular apoptotic proteases implicated in AD
neurodegeneration.'”

Ap;_, peptides contain His in the second position (Xaa-
His). Such Xaa-His arrangement creates a specific Cu(II)
binding site distinct from both the dynamic ensemble of
macrochelate species of Af,_, peptides'™" and the rigid
ATCUN/NTS chelate system of Af,_, peptides.'®™'® The
basic structure of Xaa-His-Zaa cupric complexes, derived from
X-ray studies of Gly-His-Lys (GHK) and spectroscopic studies
of many oligopeptides bearing various Xaa substitutions is
three-coordinate, with the Xaa N-terminus, the Xaa-His
peptide bond, and the His imidazole providing three nitrogen
ligands arranged in a square-planar fashion around the Cu(II)
ion (3N species). The fourth position can be occupied by a

Alzheimer’s disease (AD) accounts for approximately S0—70%
cases of dementia, over S0 million people worldwide."”
Amyloid-f (Af) peptides are at the center of AD pathology.
They compose amyloid plaques, a historic hallmark of the
disease, and were more recently demonstrated to form
neurotoxic oligomers.”* Af peptides are derived from the
amyloid precursor protein (APP), which undergoes alternative
proteolytic cleavage pathways in amyloidogenic and non-
amyloidogenic processes. In the amyloidogenic pathway APP is
cleaved by f-secretase (BACEl), a membrane-anchored
aspartyl protease which cleaves APP before position 1 of the
Af domain, and y-secretase, a membrane-bound protease
complex responsible for creation of the A C-terminus.” The
AP, _4 and AB,_,, peptides formed in this pathway are further
processed hydrolytically to N-terminally truncated species,
which represent more than 60% of all Af species in AD brains.
AB,_4, is the most abundant of these peptides.”™ Another is Received: June 15, 2020 .Inor.ga[lictllemistjy'
APs_4y, detected in Af deposits in brains of sporadic and Published: September 14, 2020 i
familial AD victims and in transgenic mouse models.””"" &

The origin of Af;_, species (x = 38, 40, 42) is unclear. They
were shown to be elevated in the course of application of
inhibitors of BACEI in experimental animals.>'> This suggests

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.inorgchem.0c01773
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water molecule or other ligands, such as imidazoles or
carboxylates from other peptide molecules, phosphate ions,
etc.'””*' The amino acid residue directly following His (Zaa in
Xaa-His-Zaa... sequences) cannot participate in the coordina-
tion for sterical reasons. The stability constants available in the
literature indicate that the effective stability constants of
Cu(Il) complexes of Xaa-His-Zaa peptides are in the range of
1012-10" M™, slightly less than those of ATCUN/NTS
motifs."®*'~>* We demonstrated, however, that at a sufficiently
high concentration of the ternary ligand the effective stability
constants of such a ternary XHZ-Cu(II)-L complex may be
elevated by one or 2 orders of magnitude.”’

In this work, we aimed to characterize Cu(II) coordination
and electrochemical properties of resulting complexes, Af;_,
peptides, by using Afs_js as a suitable well-soluble model,
analogously to Af,_,s and Af,_,s model peptides.ls’16 Because
of the presence of two metal binding regions in this peptide,
one at the N-terminus and another at the His13-His14 couple,
we also used shorter peptides, Afs_o and Afs_;, as simplified
models. For a better understanding of the role of Tyr10 in the
studied processes, we also used a modified Ap;_;,Y10F
(APs_1op) peptide in some experiments (see Scheme 1 for

Scheme 1. Sequences of Afi;_, Peptides Studied in This
Work”

ABs-9 RHDSG-NH

APs-12 RHDSGYEV-NH,
ABs-12F RHDSGFEV-NH
ABs-16 RHDSGYEVHHQK-NH,

“Residues whose side chains contribute to Cu(II) binding are

highlighted in red (His) and blue (Tyr).

sequences). Spectroscopic (UV—vis, CD, fluorescence) and
potentiometric experiments were used to decipher and
quantify the set of complex species formed in a broad pH
range, while their redox properties were investigated using
voltammetry (CV and DPV). Then, spectroscopic and
electrochemical titrations of Cu(II)-Af;_, complexes with
imidazole, a model of His residues in proteins, were employed
to estimate the influence of such interactions on the stability
and reactivity of studied complexes. The obtained quantitative
description allowed us to assess the potential role of Ap;_,
peptides in copper physiology in the brain.

B EXPERIMENTAL METHODS

Materials. N-a-9-Fluorenylmethyloxycarbonyl (Fmoc) amino
acids were purchased from Novabiochem. Trifluoroacetic acid
(TFA), piperidine, and N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-
1-yl)uronium hexafluorophosphate (HBTU) were obtained from
Merck. Triisopropylsilane (T1IS), N,N-diisopropylethylamine (DIEA),
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), CuCl,,
Cu(NO,),H,0, NaOH, KOH, HCl, KNO;, HNO,, and imidazole
were from Sigma. The TentaGel S RAM resin was purchased from
RAPP Polymere. Diethyl ether and dichloromethane (DCM) were
from Chempur. Acetonitrile and calibrated 0.1 M NaOH solution for
potentiometry were from POCH, and dimethylformamide (DMF)
was from Roth.

Peptide Synthesis. Af;_,(RHDSGYEVHHQK-NH,),
ABs_1,(RHDSGYEV-NH,), Af; o(RHDSG-NH,), and Af s
(RHDSGFEV-NH,) were synthesized by solid-phase peptide syn-
thesis using a CEM Liberty microwave peptide synthesizer (Applied
Biosystems) according to a Fmoc/tBu protocol with HBTU and

DIEA as coupling reagents and 20% piperidine in DMF as a Fmoc
removal agent.”* TentaGel S RAM resin was used as a solid phase.
The peptides were cleaved from the resin in TFA/TIS/water
95:2.5:2.5 v/v/v for 2 h. Then, the peptides were precipitated with
cold diethyl ether, centrifugated, dissolved in water, and lyophilized.
The crude peptides were purified by HPLC (Waters) following a
detection at 220 nm/280 nm using a mix of eluting solvents A (0.1%
(v/v) TFA in water) and B (0.1% (v/v) TFA in 90% (v/v)
acetonitrile). The purification method was a gradient of eluents S—
45% of B within 40 min, flow 2 mL/min. The mass of the pure
peptides was further verified by ESI-MS. The concentrations of initial
peptide stock solutions were determined by potentiometric titrations.
Concentrations of secondary and subsequent stock solutions of
APy, and Afs_;5 were determined using an extinction coefficient &
of 1375 M™! em™" at 275 nm. For Afs_, and Afs_, € values of 200
M~ em™' at 258 nm and € of 9032 M~! cm™! at 214 nm were used.”’

UV-vis, CD, and Fluorescence Spectroscopy. The UV—vis
spectra were obtained on a PerkinElmer spectrophotometer over the
spectral range of 200—900 nm. The circular dichroism (CD) spectra
were recorded over the range of 250—800 nm on a Jasco 815
spectropolarimeter. All spectroscopic measurements were performed
at 25 °C in a 1 cm path length quartz cuvette.

Titrations with NaOH (pH dependence): Samples containing 1 mM
Ap (Aﬂ5—9r AP 12 APs_1op Aﬂs,m), and 0.9 mM Cu(II) or 1 mM Af
(APs_16) and 1.8 mM Cu(Il) were titrated with a small portion of
concentrated NaOH in the pH range 2.5—10.

Titrations with imidazole/APs_q/AP;_1s: Samples containing 1 mM
AB (APs_or ABs_12 APs_1op APs_16) and 0.8 mM Cu(Il) at pH 7.4
were titrated with a small portion of imidazole/Afs_o/Af|_;s stock
solution. The pH of the sample was strictly controlled during the
experiment and adjusted if necessary.

Kinetic Experiment. Ap,_o was added to the sample containing 0.9
mM Cu(II) and 1 mM Af;_, in 20 mM HEPES pH 7.4 to the final
Ap,_o concentration of 1 mM. The changes in UV—vis spectra were
monitored for 24 h.

Fluorescence spectra were registered using a Cary Eclipse
spectrofluorimeter (Varian) with the excitation wavelength of 275
nm and detection of emission in the range of 280—400 nm. All
fluorescence measurements were performed at 25 °C in a 1 cm path
length quartz cuvette. The samples of 20 uM Af_, or 20 uM
APs_1,/19 uM CuCl, were titrated with NaOH from pH 4.2 to 12.2.

The pK values were calculated using Hill equations eq 1 and eq 2:

(i) for a single process

pt+p X 10"®H=PK)
F=- 27"
1+ 10"(PH*PK) (1)

(ii) for a two-step process

p +p X lonl(PH*PKl) +p X 10"1(PH’PK1>+”2(PH*PKZ)
F= 1 X 2

1+ lonl(PH_PK1)+"2(PH_PKz) (2)

where F stands for spectroscopic intensity at given pH; p, and p,
stand for spectroscopic intensity for the fully protonated or
deprotonated state, respectively; p, stands for the spectroscopic
intensity of the first step in the two-step process; and n, n;, and n,
stand for Hill coefficients.

Potentiometry. Potentiometric titrations were performed on a
Titrando 907 automatic titrator (Metrohm) using a combined glass-
Ag/AgCl electrode (InLabMicro, Mettler Toledo, Switzerland). The
electrode was calibrated daily by titrating nitric acid.”® The CO,-free
solution of 0.1 M NaOH was used as the titrant. All experiments were
performed under argon at 25 °C. Sample volumes were 1.5 mL. The
samples contained 1.0 mM Af peptide (Afs_1o APs_12 ABs_o)
dissolved in 4 mM HNO;/96 mM KNO; The Cu(II) complex
formation was studied for the different peptide:metal stoichiometries
(1:2, 1:1, 1:0.5) using a S—10% excess of peptides over metal ions,
over the pH range from 2.3 to 12.2. SUPERQUAD and HYPER-
QUAD were used to analyze the data.”””® At least three titrations

https://dx.doi.org/10.1021/acs.inorgchem.0c01773
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were performed separately to determined the protonation and Cu(II)
stability constants of the studied compounds.

Voltammetry. The electrochemical experiments were done in a
three-electrode arrangement with Ag/AgCl as the reference, platinum
wire as the counter, and glassy carbon electrode (GCE, BASi, 3 mm
diameter) as the working electrode. The reference electrode was
separated from the working solution by an electrolytic bridge filled
with 4 mM HNO;/96 mM KNO; solution. The GC electrode was
sequentially mechanically polished with 1.0 and 0.3 ym alumina
powder on a Buehler polishing cloth to a mirror-like surface. In order
to remove the remaining powder, the electrode was sonicated for 1
min in deionized water. All electrochemical measurements were
carried out in 96 mM KNO; solutions containing 4 mM HNO;
solution at pH 7.4. The pH was adjusted by adding small volumes of
concentrated KOH or HNO; solutions; the concentrations of
peptides were 0.5 mM and the ligand-to-Cu(II) ratio was 1:0.8 in
all cases (a small Cu(Il) deficiency was applied to avoid the
interference from uncomplexed Cu(II) cations). In ternary complex
investigations imidazole was added to the Cu(II)—peptide complex
up to 10 mM concentration. The pH was closely controlled before,
during, and at the end of each voltammetric measurement. Oxygen
was removed from the sample solution by passing argon for 5—10 min
before all measurements, and an argon blanket was maintained over
the solution during the experiments carried out at 25 °C.

Cyclic (CV) and differential pulse voltammetry (DPV) experi-
ments were performed using the CHI 1030 potentiostat (CH
Instrument, Austin, USA). For all presented CV curves, the scan rate
(v) was 100 mV/s. The following parameters were used in DPV: pulse
amplitude S0 mV, pulse time 100 ms.

B RESULTS AND DISCUSSION

Apfs_o Complexes. We first performed a set of pH-metric
titrations of the studied peptides in the absence and presence
of Cu(Il) ions. The protonation constants calculated from
these experiments are presented in Table 1. The assignments
of proton exchanging groups mainly contributing to given

Table 1. Protonation Constants (log #“ and pK, Values) of
Afs_g, ABs_15, and Afs_i¢ (L) at I = 0.1 M (KNO;),

Determined by Potentiometry at 25 °Ch1629:30

Species Log p pK, Assignment
Afs—y
HL 7.37(1) 7.37 ArgS N-term.
H,L 13.51(1) 6.13 His6
H,L 16.67(1) 3.17 Asp7
APs 1
HL 10.08(1) 10.08 Tyrl0
H,L 17.60(1) 7.52 ArgS N-term.
H,L 23.84(1) 625 His6
H,L 28.21(1) 437 Glull
HL 30.94(1) 2.73 Asp7
APs 16
HL 10.39(1) 10.39 Tyrl0/Lys16
H,L 20.35(1) 9.96
H,L 27.94(1) 7.60 ArgS N-term.
HL 34.61(1) 6.67 His6/13/14
HL 40.92(1) 6.31
HeL 46.43(1) 5.50
H,L 50.35(1) 3.92 Glull
HL 52.83(1) 2.48 Asp7

“B(H,L) = [H,L]/([L][H*]),. ®Standard deviations on the last digits
provided by HYPERQUAD,** given in parentheses, represent
statistical errors of constant determinations. Assignments are based
on literature values.

protonation constants are based on previous studies of
analogous peptides.'®*”*° The pK, values are typical for the
respective groups and sufficiently well separated to make these
assignments unambiguous.‘“

The potentiometric titrations performed at various Cu(1I)/
peptide ratios for Affs_o indicated the formation of complexes
having solely a 1:1 copper-to-peptide stoichiometry and
differing by the number of bound/released hydrogen ions
(Table 2). The CD and UV-—vis spectra of Cu(Il)-Afs_o

Table 2. Stability Constants (log f“ and pK, Values) of

Cu(II) Complexes of Afs_y, Afs_15, and Afs_ 1 (L) at I =
0.1 M (KNO,), Determined by Potentiometry at 25 °C”

Coordination

Species Log f* pK, Assignment Mode
AP
Cul 9.48(1) 3N+H,0
CuH_,L 5.66(1) 382  Asp7 3N+H,0
CuH_,L —3.69(1) 9.35 Equatorial H,O 3N+OH™
Total 3N 3.61 3N+H,0

+H,0
Afs_1s
CuH,L 23.72(3) 3N+H,0
CuHL 20.44(1) 323 Asp7 3N+H,0
CuL 15.76(1) 469  Glull 3N+H,0
CuH_,L 6.29(2) 947  Tyrl0/H,0 3N/Tyrl0 and

3N+OH~

CuH_,L -3.76(2) 1005  H,0/Tyrl0 3N+OH™
Total 3N 3.66

+H,0
A/js—ls
CuH;L 46.00(2) 3N+H,0
CuH,L 42.79(1) 3212 Asp7 3N+H,0
CuH;L 38.62(1) 4169  Glull 3N+H,0
CuH,L 33.46(1) 5.159 Hisl3/14 3N+N
CuHL 26.11(2) 7.35 His13/14 3N+N
CuL 16.43(3) 9.68 Equatorial H,0/ 3N+N/3N

Tyrl0/Lys16 +OH™

CuH_,L 6.56(3) 9.87
CuH_,L —3.38(2) 9.94
Cu,HL 31.50(1)
Cu,L 25.37(1) 6.134  His13/14 N~ 3N+H,0 + 2N
Cuw,H_|L 19.08(1) 6.29 3N+H,0 + 3N
Cu,H_,L 10.15(1) 893  Vall2/Glull N~ 3N+H,O + 4N
Cu,H_;L 1.05(1) 9.1 Equatorial H,0 3N/OH- + 4N
Cu,H_,L —9.4(1) 10.45 Lys16/Tyr10 3N/OH- + 4N
Cu,H_ L —19.94(9)  10.54 3N/OH- + 4N
Total 3N 3.62

+H,0

TB(CupH,L) = [M,H,L]/([M].[L][H*],). ®Standard deviations on
the last digits provided by HYPERQUAD,™ given in parentheses,
represent statistical errors of constant determinations. Assignments
are based on literature values.”””"**** Coordination modes are
derived from the analysis presented below.

complexes are presented in Figures 1 and S1, respectively.
Figure 2 demonstrates the potentiometric species distribution
compared to parameters derived from these spectra. The
quantitative agreement of these results allowed us to calculate
the spectroscopic parameters for individual complexes, as given
in Table 3. The first complex formed is a 3N species with
spectroscopic parameters analogous to those recorded earlier
for GHK, WHWSKNR-NH,, and GHTD-NH, peptides,'*~**
with the fourth equatorial site occupied by a water molecule. It

https://dx.doi.org/10.1021/acs.inorgchem.0c01773
Inorg. Chem. 2020, 59, 14000—14011
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Figure 1. pH dependence of CD spectra recorded at 25 °C for 0.9
mM Cu(II) and 1.0 mM Af_o, at pH values color coded on the
graphs.
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Figure 2. Species distribution calculated for 0.9 mM Cu(II) and 1.0
mM Af;_o, on the basis of constants presented in Tables 1 and 2, with
selected spectroscopic parameters overlaid.

contains two spectroscopic forms, CuL and CuH_,L, differing
by deprotonation of the Asp7 side chain carboxyl function.
This event, recorded by potentiometry with the pK, of 3.82,
does not affect the spectroscopic parameters (Tables 2 and 3).
It is not surprising, as the coordination of the Asp7 carboxylate
to the Cu(II) ion bound in the 3N core provided by ArgS and
His6 is excluded by the complete geometry. The elevation of
Asp7 pK, by 0.65 pH units can be explained by lowering the
overall molecular charge by Cu(II) coordination by one,
compared to the unbound peptide.

The next recorded deprotonation occurred with the pK, of
9.35 and was associated by a significant blue shift of the d—d
band maximum, the change of its symmetry in CD, and
concomitant alterations in charge transfer bands (Figure 1,
Table 3). These changes are due to the deprotonation of the
coordinated water molecule.””*' The additional split in the d—
d band, not observed in titrations of WHWSKNR-NH, and
GHTD-NH, complexes,'”*° is indicative of an additional
interaction involving the coordinated hydroxyl anion, most
likely with the cationic Arg side chain.

At still higher pH above 10 a further set of changes appeared
in the CD spectra, with a characteristic strong negative feature
at 500 nm. According to the literature, they are due to the
replacement of the hydroxyl group by the deprotonated N7 of
the imidazole ring, possibly resulting in imidazole-bridged
oligomers.*'*>%*

The potentiometric titrations did not provide evidence for
the presence of a CuL,-type complex. Such complexes were
reported previously for simpler XHZ peptides by potentiom-
etry, but with little support by independent direct techniques

Table 3. Spectroscopic Parameters for Cu(II) Mono-
complexes of Af;_, Peptides at 25 °C

UV—vis CD

Amax/ DM
(e/M ! em™)

600 (47)°

Aexe/nM
(Ae/M~' em™)
600 (+0.17)“
505 (—0.05)"
341 (+0.12)°
300 (—0.46)°
267 (+0.53)7
650 (—0.1)7
546 (+0.61)°
470 (=0.11)“
325 (+0.38)%¢
285 (—0.76)¢
600 (+0.14)"
503 (—0.05)"
341 (+0.09)"
301 (—0.37)°
650 (—0.09)"
548 (+0.29)"
470 (—0.09)"
400 (+0.09)°
325 (+0.25)°
Cu(II)- 3N+H,0 600 (60)” 605 (+0.16)"

APs 1o 513 (~0.05)*
341 (+0.08)"
301 (—0.39)°
650 (—0.08)"
553 (+0.44)°
470 (-0.09)"
323 (+0.28)7°
283 (—-0.64)
605 (+0.19)°
506 (—0.05)"
341 (+0.11)°
301 (—0.47)°
640 (=0.05)"
553 (+0.16)"
478 (—-0.09)"
336 (+0.12)°
300 (—0.35)°
640 (=0.07)"
553 (+0.20)°
478 (=0.10)"
336 (+0.17)7¢
9d—d transition. "N"™—Cu"! charge transfer (CT). “N-—Cu" CT.
IN""—Cu"" CT. “Tyr O"—Cu" CT.

Complex Mode (species)

Cu(II)- 3N+H,0 (CuL +
Ay CuH_,L)

3N+OH™ (CuH_,L) 555 (63)°

Cu(11)- 3N+H,0 (CuH,L
Afs_1» +CuHL+CuL)

600 (60)“

3N/Tyrl0 and 3N+OH™
(CuH_,L)

560 (89)“
400sh (82)°

3N+OH™ 555 (85)°

Cu(ID)- 3N+H,O (CuH,L
AP s +CuH,L+CuH,L)

600 (58)*

3N+N (CuH,L+ CuHL) 565 (66)"

3N+OH~ (CuL+CuH-|L
+CuH_,L)

560 (73)°

. . 17,1923,32-35
in solution. " No such complex was detected for

WHWSKNR-NH,. It was also invisible for potentiometry in
the study of GHTD-NH, complexes, due to insufficient
stability at submillimolar peptide concentrations, but a
spectroscopic titration with the peptide excess demonstrated
its existence at pH 7.4.”' Here we used the same approach to
detect it, as shown in Figure 3. The associated spectral changes
were very similar to those observed for GHTD-NH,, indicating
the formation of a 3 + 1IN complex, with the water molecule
replaced by an imidazole nitrogen of the second peptide
molecule. The conditional stability constant derived from this
titration is provided in Table 4, and the spectral parameters of

https://dx.doi.org/10.1021/acs.inorgchem.0c01773
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Figure 3. Top: the titration of 0.8 mM Cu(Il) and 1.0 mM Af;_, at
25 °C and pH 7.4 with the excess of Af;_o, up to 15 mM, monitored
by CD. Arrows mark the direction of changes. Bottom: the fit of the
conditional stability constant of the CuL, complex at spectral areas of
maximum change: 635 nm (gray), 535 nm (green), and 315 nm
(orange).

this complex are given in Table S, along with the parameters of
ternary complexes with imidazole.

Table 4. Conditional Stability Constants (M~') for Binary
(°K,,) and Ternary ("K,,) for Cu(II) Complexes of Af;_,
Peptides at pH 7.4

T1<7.4
Peptide Ky, imidazole Afs_o AP
APs_o 575 X 102 870 + 69 283 + S0 5200 =+ 200
APs_1> 5.13 X 102 5587 + 36 na. na.
APs_16 9.55 x 10" 98 + 27 na. na.

“CK, , values were calculated from potentiometric data using the CI
approach. Competitivity index (CI) was calculated for Cu(II),
peptide, and ligand (Z) concentrations of 0.001 M. CI is the value
of log K,z such as the condition Y ([CuHjLy]) = [CuZ] is fulfilled,
where Z is a theoretical competitor.” n. a. stands for not analyzed.
K, were calculated directly from spectroscopic titrations using eq 1.

Afs_1, and Afs_;or Complexes. The extension of the
sequence by residues 10—12, YEV, added two proton-
exchanging side chains, Tyrl0 and Glull in Af;_),. Their
characteristic pK, values about 10 and 4, respectively, together
with the data for Afs o, allowed us to directly assign the
respective protonation events to individual groups, as provided
in Table 1 and presented in Figure 4.

Accordingly, the lowest-pH complex of Af;_;, has the
CuH,L stoichiometry, but the same 3N coordination as the
CuL complex of Afs_g, as seen in CD and UV—vis spectra,
presented in Figures SA and S2, respectively. The next two
deprotonations under pH S did not affect the spectra and can
be assigned to Asp7 and Glull carboxyl deprotonations. The
spectra became more complicated above pH 8, where two
overlapping deprotonations took place. In order to facilitate

Table 5. Spectroscopic Parameters of Ternary Complexes of
Cu(I1)-Af;_, with Imidazole (Im) or Af,_, at 25 °C

UV—vis CD

Amay/ DM Aexe/DM.
Ternary complex Mode (e/M~ ! em™) (Ae/M™" em™)
Cu(I1)-Afs_o+ 3N+Njay(s-9) 566 (79)” 560 (+0.20)7
A5 478 (—0.08)"
335 (+0.15)"
300 (—0.37)°
267 (+0.51)"
Cu(I1)-Af;_o+ 3N+Nag(1-16) 575 (76)° 564 (+0.22)"
1-16 482 (—0.07)"
337 (+0.17)°
298 (—0.37)¢
Cu(I)-Afs_o+ 3N+N™ 566 (75)° 645 (—0.11)“
Im 551 (+0.17)°
478 (—0.08)"
332 (+0.11)°
296 (—0.35)°
265 (+0.54)"
644 (—0.11)"
550 (+0.17)"
478 (=0.11)7
333 (+0.13)"
297 (—0.40)°
645 (—0.08)"
553 (+0.19)”
478 (=0.06)"
330 (+0.12)°
297 (—0.35)°
“d—d transition. *N"™—Cu'! charge transfer (CT). “N"—Cu'! CT.
IN*—Cu'! CT.

Cu(11)-Afs_1,+ 3N+N 562 (81)°
Im

Cu(11)-Afs_16+ 3N+N™ 564 (70)°
Im

7
pH O Ay V Os50 & O304

Figure 4. Species distribution calculated for 0.9 mM Cu(II) and 1.0
mM Apf_,,, on the basis of constants presented in Tables 1 and 2,
with selected spectroscopic parameters of Af;_,, overlaid.

the analysis, we performed spectroscopic titrations of Cu(II)-
AP 155 the analog having Tyr replaced with Phe. The
respective CD and UV—vis results are presented in Figures 5B
and S3.

The pK, values for the 3N complex formation obtained from
CD titrations were 3.77(1) and 3.51(2) for the formation of
3N complexes of Afs_;, and Afs_,,g, respectively. The former
value is in a good agreement with the potentiometry-derived
value of 3.66. Based on the characteristic CT band at 400 nm,
seen particularly clearly in UV—vis spectra of Cu(Il)-Af;s_j,
contrasted with Cu(II)-Af;_,p in the pH range 7—10 (Figure
6A) and CD titrations monitored at 370—380 nm (Figure 6B),

https://dx.doi.org/10.1021/acs.inorgchem.0c01773
Inorg. Chem. 2020, 59, 14000—14011
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Figure S. CD spectra recorded at 25 °C for 0.9 mM Cu(II) and 1.0
mM Afs_;, (A) or 0.9 mM Cu(II) and 1.0 mM Afs_,,: (B) at pH
values color coded on the graphs.
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Figure 6. (A) Comparison of UV—vis spectra of Cu(II) complexes of
spectra recorded at 25 °C for 0.9 mM Cu(Il) and 1.0 mM Af_
(solid lines) or Afs_;, (dotted lines) at pH values indicated on the
graph. (B) pH dependence of CD signals at 370—380 nm (red circles)
or 635—655 nm (black squares) derived from CD spectra shown in
Figure S for 0.9 mM Cu(II) and 1.0 mM Af_,,; (full symbols) or
Aps_1, (open symbols).

we can assign the deprotonation event about pH 9 (8.89(3)
from CD, 8.95(7) from UV-—vis) to deprotonation and
equatorial Cu(II) coordination of Tyr10 phenolate oxygen.***’
This band disappears gradually above pH 9.5, in accord with
another deprotonation, which can thus be assigned to the
replacement of Tyr O by the solution-derived OH™ group,
with pK, = 9.92(5). At very high pH an imidazole bridged
species is formed as in Cu(I)-Af;_,.

The comparison of pK, values for uncoordinated Tyr, 10.08,
coordinated Tyr, 8.89, and deprotonated water in Cu(I)-
APs_15 992 vs 9.3 for Cu(Il)-Afs_o (average of potentio-
metric and spectroscopy calculations) and 9.62(3) in Afs_1,p
(from spectroscopy), allowed us to estimate the ratio of Cu(II)
affinities of Tyr phenolate vs the hydroxyl group at pH 9 as ca.
8.3. The physiological relevance of this interaction is limited,
however, as the Cu(II) occupancy by Tyr phenolate at pH 7.4
is 3% or less, estimated from potentiometric data compared to
fluorescence titrations of Aff;_j, and Cu(Il)-Af;_,, (Figure
S4).

Aps_1s Complexes. A further C-terminal peptide sequence
extension by residues 13—16, VHHQK, added three proton-
exchanging side chains, compared to Affs_,,, His13, His14, and
Lys16. As a result, the separation of contributions to
potentiometric macroconstants of Tyrl0 and Lys16 on one
hand and of His6, His13, and Hisl4 on another was not
possible, due to overlapping protonation processes. The
differences between the respective pK, values, presented in
Table 1, are close to statistical values for two and three
equivalent groups, 0.6 and 0.48 pH units, respectively.”’ All
these values remain in their typical ranges.

Due to the presence of two distinct Cu(II) binding sites in
ApBs_ 14 the spectroscopic and potentiometric experiments were
performed at the 1.8:1 Cu(II):peptide ratio, in addition to the
0.9:1 ratio used for shorter analogs. The CD titration for the
0.9:1 ratio is presented in Figure 7, the UV—vis titration in
Figure S5, and the species distribution plots in Figure 8. The
respective data for the 1.8:1 ratio are presented in Figures S6,
S7, and S8.

124 pH
——2.66
—330
——345
——3.80
—481
—5.01
, ——5.53
6.02
6.27
6.68
7.60
8.16
9.63
——10.15
——10.90
—11.23
—11.48

300 400 500 600 700 800
A (nm)

Figure 7. PH dependence of CD spectra recorded at 25 °C for 0.9
mM Cu(Il) and 1.0 mM Af;_,4 at pH values color coded on the
graph.

Cu(ll)

10 11

3 4 5 6 7,8 9
pH
CuHsL CuHyL —— CuH3L CuHyL CuHL CuL
CuH_4L CuH_pL e CuHgL+CuHyL+CuHzL-+++++ CuH,L+CuHL

© Agoo

------- CuL+CuH_qL+CuH_oL 0 630 < 0635.655

Figure 8. Species distribution calculated for 0.9 mM Cu(II) and 1.0
mM Apf_s on the basis of constants presented in Tables 1 and 2,
with selected spectroscopic parameters of Afs_ 4 overlaid.
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ratios. There were no spectral changes in the d—d range for Af_¢.

At the 0.9:1 ratio the CuHiL and CuH,L and CuH;L
complexes present at low pH correspond to the 3N complex.
Its spectroscopic parameters with d—d bands at 600 nm at the
UV—vis spectrum as well as at 506 and 605 nm at the CD
spectrum are very similar to those observed for the 3N
complexes of Afs_o and Afs_;,. The pK, of formation of this
complex calculated from spectroscopic and potentiometric
data is 3.4—3.6. This spectroscopic species is superseded with
another, comprising the CuH,L and CuHL stoichiometries,
which exhibited a 35 nm blue shift of the d—d band in the
UV—vis spectra and significant changes in the CD pattern (see
Table 3, Figure 7, and Figure SS). The pK, of this process
derived from spectroscopy is 5.55. The only residues that can
release a proton in this pH range are His13 and His14. These
residues are essentially equivalent in the apopeptide, but their
pK, values in the complex are 5.16 and 7.3S. These features
clearly indicate that Hisl3 or Hisl4 replaces the water
molecule in the fourth equatorial coordination site. This
observation is further supported by the lack of Tyr phenolate
coordination (the absence of a 400 nm band) above pH 8 in
Cu(II)-Af;s_y¢ As a result the Cu(II)-independent Tyr10 and
Lys16 deprotonations occur at pH 9.5—10, along with the
third proton release, which must originate from the
replacement of N™ by OH™ in the fourth site. This
replacement induces a small change in CD spectra as shown
in Figure 8, indicating that the pK, for this process is ca. 9.65,
about 0.3 log units higher than in Cu(II)-Af;_,. As for all
other Af}s_, peptides a major spectral change above pH 11 was
noted, tentatively assigned to the formation of the imidazole
bridged tetramer. The protonic equivalence of Hisl3 and
Hisl4 and their similar distancing to the N-terminally
coordinated Cu(II) ion suggests that the 3 + 1N complex is

14006

actually a mixture of Hisl3 and Hisl4 coordinated species,
perhaps with a slight distance-wise preference for His13.

The experiments performed at the Cu(II) excess indicate
that the 3N complex is formed in a fashion similar to that at
the 1:1 ratio, but it is followed by the additive formation of a
novel spectral band (~579 nm) with the pK, of 5.90. This
complex is analogous to that observed before for Cu(II)-
Ap,_1 and corresponds to an independent formation of the
second Cu(II) ion at the Hisl3 and Hisl4 residues.'® As
expected, the binding of the second Cu(II) ion at His13/His14
prevented the entry of His13/His14 N™ to the coordination
sphere of the N-terminal 3N complex.

Ternary Complexes. To further investigate the role of the
fourth equatorial site in Cu(II) coordination of Afj;_, peptides,
we performed CD titrations of Cu(Il)-Afs_o/Afs_12/ABs_16
complexes with imidazole (Im). The respective CD spectra
and titration curves are provided in Figure 9.

The addition of Im resulted in a blue-shift of d-d bands of
Cu(II)-Afs_o/APs_1, from 600 to SSO nm as shown in Figure
9A and 9B, respectively. These changes were accompanied by a
10 nm blue-shift and an increase of intensity of CT bands at
340 and 300 nm. No changes in the d—d bands and only a
slight effect in CT signals were noticed during the analogous
titration of Cu(Il)-Af;_,¢ (see Figure 9C), even at the final
250-fold excess of Im over Cu(Il).

The effects seen for Cu(11)-Afs_o/Afs_1, complexes were
analogous to those seen previously for Im titrations of all Xaa-
His peptides studied by us recently, including WHWSKNR-
NH,, GHTD-NH,, and GHK?>**"*® and are consistent with
the replacement of the equatorially coordinated water
molecule in the3N coordination mode (N*", N™, N~)
dominant at pH 7.4, with the Im nitrogen, forming the ternary

https://dx.doi.org/10.1021/acs.inorgchem.0c01773
Inorg. Chem. 2020, 59, 14000—14011



Inorganic Chemistry

pubs.acs.org/IC

o

A
b b b

Cu-ABg 4
Cu-ABg o-Im

2

C)

0
<
=

-2 = = ABss

Cu-ABs 16
M ——Cu-AB; 4g-Im
-0.8 -0.4 0.0 0.4 0.2 04 06 08 10 12 14 02 04 06 08 10 1.2

E/V vs. Ag/AgCI

E/V vs. Ag/AgCI

E/V vs. Ag/AgCI

Figure 10. CV (A—F) and DPV (G—I) curves of 0.5 mM Af;_, (A, D, G), Afs_y, (B, E, H), and Af;_i¢ (C, F, I) recorded in the absence (dashed

line) or the presence of 0.40 mM Cu(II) and 5.0 mM imidazole, pH 7.4.

Table 6. Properties of Redox Processes from CV and DPV Curves of Afl;_, Binary and Ternary Complexes”

Cu(II)/Cu(I) Cu(II)/Cu(III)

Complex ECVRED EcvOX Eppy Ippy (HA) EcvOx Eppy Ippy (4A)
Cu(11)-Afs_y —0.579(5) —0.025(1) —0.453(5) —1.318(4) 1.297(2) 1.184(4) 2.77(5)
Cu(I1)-Af;_o-Im —0.576(1) 0.011(4) —0.492(1) —1.490(7) 1.094(5) 1.024(2) 2.918(9)
Cu(1)-Afs_125 —0.633(5) 0.054(3) —0.540(1) —1.473(6) 1.269(5) 1.158(2) 3.02(5)
Cu(I1)-ABs_y, —0.669(1) —0.062(2) —0.523(2) —1.037(5) 1.159(2) 1.018(2) 0.469(5)
Cu(11)-Afs_1,-Im —0.647(3) 0.008(3) —0.516(1) —1.000(6) 0.955(4) 0.863(2) 0.145(1)
Cu(1)-Afs_16 —0.680(4) 0.200(5) —0.557(2) —0.434(5) 1.058(4) 0.938(3) 0.065(4)
Cu(I1)-Afs_1s-Im —0.688(2) 0.093(2) —0.560(6) —0.383(7) 0.973(1) 0.876(6) 0.052(2)

“E values are given in V vs Ag/AgCl.

3N+IN (N*®, N™H6 N™+ N'™) complex. The same effects
were observed for titrations of 3N complexes with the excess of
the parent peptide for GHTD-NH, and GHK*"*® and Af;_, in
this work. The much less pronounced response of Cu(II)-
Aps_15 to Im can be readily explained by the intramolecular 3 +
IN coordination in this complex, employing His13/His14
residues. Nevertheless, a slight change of intensity of the CT
band at 304 nm, along with the absence of changes in d—d
bands can be ascribed to the forced replacement of the
intramolecular ligand by external Im. The conditional stability
constants (Kp) for Im binding to Cu(II)-Afs_, complexes
were obtained by global fitting of multiple titration curves
according to eq 3:

_ [CuL(Im)]

T [CuLl[Im] 3)
where L is the Af_, peptide from the initial binary Cu(II)
complex.

The Ky values are provided in Table 4. The strongest ternary
complex was formed for Cu(Il)-Af;_o followed by Cu(Il)-
Aps_1,. The lower Ky for the latter could be caused by steric

14007

hindrance from additional residues in the Af_;, sequence.
Such effect is evident in the 3-fold lower K; for the second
Aps_g molecule, compared to Im. A further 5-fold lowering of
Ky for Cu(Il)-Afs_14 compared to Cu(1I)-Af;_y, is apparently
a combination of additional hindrance and the competition
from the intramolecular His13/His14 binding. The compar-
ison of °K values presented in Table 4 indicates that this
interaction increases the overall Cu(II) affinity of Af;_¢ by 1.8
times. This value is in excellent agreement with that derived
from the 0.33 pH units shift of OH™ coordination (Af;_y vs
APs_1g 2.1 times). Therefore, the lowering of Im affinity to
Cu(II)-Afs_¢ is a combination of competition between Im
and His13/His14 and the increased hampering of Im access to
the Cu(II) binding site.

Additionally, we performed a titration of Cu(II)-Afs_o with
ABi_16 (SI, Figure S9). Partial precipitation of the ternary
complex limited the accuracy of the 'K, , determination, which
was estimated as 5200 M~ (Table 4). This high stability
compared to other ternary complexes of Cu(Il)-Afis_, can be
attributed in part to the presence of three His imidazole
ligands in Af,_j¢ available for the binding, and in part to
intermolecular interactions between the Cu(1I)-Af;_, pep-

https://dx.doi.org/10.1021/acs.inorgchem.0c01773
Inorg. Chem. 2020, 59, 14000—14011



Inorganic Chemistry

pubs.acs.org/IC

tides. We also attempted the study of the Cu(1I)-Afs_is +
Af,_¢ system, but it was precluded by poor solubility of the
ternary complex and the apparently weak interaction.

Voltammetry. For further characterization of Af;_,
peptides, their binary Cu(II) complexes, and ternary
complexes with Im, we performed a series of electrochemical
experiments using cyclic voltammetry (CV) and differential
pulse voltammetry (DPV). The CV results for Afis_o, Afs_15,
and Af;_js are presented in Figure 10, with auxiliary CV
results for Afs_ ;¢ provided in Figure S10. All apo-peptides
were electrochemically inactive in the studied range of
potentials (initially scanning from 0.5 V toward the negative
direction, Figure 10A—C, black, blue, green, dashed lines; gray
dashed line in Figure S10A), except for broad peaks observed
at 0.6—0.9 V for Afs_,, and Afs_,4 (Figure 10E—F, H—I, blue
and green dashed lines) assigned to the Tyrl0 phenol ring
oxidation to a thermodynamically unstable tyrosyl radical
subsequently converted into orthoquinone.*”™** Af;_, and
Aps_ o were redox silent in this range, as expected (Figure
10D, G; Figure S10B).

The 3N Cu(Il)-Afs_, complexes yielded irreversible
reduction peaks in voltammograms recorded from +0.5 V to
—0.8 V (Figure 10A—C, Figure S11, black, blue, and green
solid lines and Figure S10A, gray solid line, see Table 6 for CV
and DPV-derived potentials). A significant separation between
the cathodic and anodic peaks suggests a slow electron transfer
and/or a reorganization of the complex structure upon Cu(II)
reduction. This can be explained by the incompatibility of the
planar 3N chelate of Afs_, peptides with geometrical
preferences of Cu(I) ions, as pointed out previously by
Hureau et al. in their Cu(I)-GHK study.'® The cathodic peak
of Cu(II)-Afs_i¢ had an altered shape, appeared at the most
negative potential, and had the lowest peak current (Figure
10C green solid line, Table 6). These effects are compatible
with the formation of the 3 + IN coordination structure
supplanted by the His-13/His-14 imidazole nitrogen.

The Cu(II)-Ap;_, complexes can generate a Cu(II)/Cu(III)
redox couple at potentials around 1 V and higher (Figure
10D—I (black, blue, and green solid lines) and Figure S10B
(solid gray line)). For binary Cu(II)-Af;_, complexes with
Tyr-containing peptides, the Cu(II)/Cu(IIl) redox signal was
preceded by Tyrl0 oxidation peaks of decreased intensity and
shifted to more positive potentials relative to apopeptides, in
agreement with the literature.*' The lack of Cu(III)/Cu(1I)
reduction peaks in the studied complexes may be attributed to
the catalytic oxidation of peptide ligands via the electro-
generated (highly oxidizing) Cu(IIl) species according to an
EC (electrochemical-chemical) mechanism. In addition to the
Tyr phenolic ring, His imidazoles in Cu(II)-Affs_j can also be
oxidized by Cu(III) at such potentials, (E™ ~ 1.25 V for L-
His* and ~1.0 V for His in AB42/A$16™). The use of faster
scan rates (0.5—5 V/s) did not improve the reversibility of the
studied process (data not shown). The EC mechanism explains
the irreversibility of these Cu(I)/Cu(III) couples, in contrast
to the reversible Cu(II)/Cu(III) process in Af,_s and Af,_ior
complexes.** The potentials of Cu(II)/Cu(1II) peaks for Af;_.,
complexes appeared in the following decreasing order: Cu(II)-
ABs_16> Cu(11)-Afs_1, > Cu(I1)-Afs_15e > Cu(lD)-Afs_g (see
Table 6 for values). Additionally, the intensity of the oxidation
current increased in the same sequence.

Finally, electrochemical measurements for ternary Im
complexes of Cu(II)-Af;_, were done (Figure 10A—I, gray,
orange, and red solid lines). A 12.5-fold Im excess over Cu(II)

excess was used to ensure full saturation of Cu(Il) with Im for
Cu(I1)-Afs_y and Cu(Il)-Af;_;, and S50% saturation for
APs_1s according to equilibrium titrations. No significant
changes in the voltammetric signature were noticed in the
range of negative potentials (Figure 10A—C, Figure S11), but
according to CV and DPV curves registered in the 0.2—1.3 V
potential range (Figure 10D—I), the Im addition shifted both
the Cu(II)/Cu(IlI) and Tyrl0 oxidation toward less positive
potentials. This is in accord with the presence of the 3 + IN
coordination of Cu(Il) in the ternary complex, which stabilizes
Cu(IlI) better.** The largest shifts in electrochemical
responses occurred for Cu(II)-Affs_o-Im and Cu(Il)-Afs_i,-
Im in relation to the binary complexes. In contrast, a weaker
interaction between Cu(II)-Af;_s and imidazole due to the
presence of the autoternary complex resulted in a smaller
change in redox activity of this chelate. Still, the potentials of
formation of Cu(IIl) species are probably too high to have a
biological relevance.

Cu(ll) Exchange and Biological Relevance. The stability
of a complex is a key property in considering its biological
relevance, as biological fluids are teeming with small molecules
and proteins ready to compete for copper. AB peptides are
essentially extracellular, and their toxicity is exerted mostly in
synapses. Not much is known quantitatively about the fast-
changing composition of synaptic cleft fluid. Therefore, we are
forced to make educated guesses regarding Cu(II) complex-
ation by Ap peptides. The Ap,_, family peptides bind the
Cu(Il) ion with log °K;, = 10.04 (x = 16) and 1043 (x =
40).*® Much higher Cu(II) affinities were determined for
AB,_, family peptides,® log °K, , = 13.53 (x = 16),'® and 14.18
(x = 9)." The affinities of binary Cu(II)-Af_, peptides are
closer to Cu(I)-Ap,_,, log °K,, = 12.76 (x = 9), and 12.98 (x
= 16). However, unlike Af,_,, the Afls_, peptides can elevate
their Cu(II) binding capability via ternary complexes, which is
a feature shared with other Xaa-His peptides.'””>*"*’ Figure
11 presents the evolution of log “K; , of ternary Im and Af;_
complexes of Cu(II)-Af;_o and Cu(II)-Af;_,4 calculated using
the data presented in Tables 1, 2, and 4.

This simulation clearly shows that in the presence of a ~1
mM amount of external imidazole-bearing ligands Afs o can
become a stronger Cu(II) chelator than the longer Af;_,
species. Furthermore, at ca. 30 mM Im the Cu(Il) binding
ability of Af_,¢ equals that of Af, 5 and that of Af
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Figure 11. Theoretical evolution of log “K,, of ternary complexes

Cu(ID)-Afs_o/Im, Cu(I)-Afs_1s/Im, and Cu(I)-Afs_o/AP)_s cal-
culated using the data presented in Tables 1, 2, and 4.
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matches A, o. While the actual role of AB,_, peptides in brain
copper metabolism remains speculative, we postulate that the
longer species serve to mop up the excess of Cu(II) ions from
the synaptic cleft,'® and AB,_,, as product of Af,_,, cleavage
by neprilysin may participate in the export of copper across the
blood—brain barrier.***’ AB__ peptides are normally only very
minor contributors to the overall f-amyloid pool but our
results indicate that these peptides, when multiplicated as a
result of therapeutic intervention, may interfere with the
synaptic and extrasynaptic Cu(II) handling. The affinity of the
Cu(II)-Afs_o/AP;_1s complex, much higher than that of
imidazole, points at a possibility of strong, specific interactions
with larger ligands that can be recruited from the A family or
other synaptic proteins. Despite the similar overall affinity,
Cu(II)-Xaa-His and Cu(II)-Xaa-Zaa-His (ATCUN) com-
plexes differ in the Cu(II) exchange kinetics, with Cu(II)-
Xaa-His complexes reported as much more labile.*’ They
could thus interfere with proper Cu(II) delivery. In particular,
Aps_o which most likely could be generated by neprilysin
analogously to Af,_, could theoretically intercept Cu(II) ions
faster than the ATCUN peptides and release them off target,
e.g. intracellularly, causing oxidative stress in brain cells.*’

In order to directly find out how Af_, and Ap,_, peptides
could compete for Cu(II) ions, we contacted them directly, by
forming the Cu(II)-Af;_, complex at pH 7.4 and then
contacting it with equimolar Af, o. The reaction was then
followed for 24 h, as presented in Figure 12.
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Figure 12. Course of reaction of 1 mM Cu(Il)-Af;_, with 1 mM
AP,y at pH 7.4 (20 mM HEPES) at 25 °C: (A) evolution of d—d
bands; (B) reaction traces at 526, 578, and 621 nm.

By comparing its course with the spectra presented above
and with those published previously by Bossak-Ahmad et al.*’
one can clearly see that the process of Cu(Il) transfer from
Aps_, to AP, ., along the gradient of affinities, is mediated by
the formation of the ternary 3N+Nu4_g) complex. Interest-
ingly, however, the overall process, measured at the maximum
of Cu(II)-Af,_, absorption, was very slow, taking more than
24 h to complete. Even more interestingly, the reaction had
not one, but two slow steps. The first one, taking the first 2.5 h
of incubation and characterized by an isosbestic point at 621
nm, was apparently the formation of the ternary complex,
which then re-equilibrated into the final 4N Cu(Il)-Af,_o
species with the isosbestic point at 578 nm. This experiment
shows that the formation of ternary complexes can stabilize the
Cu(II)-Af;_, complexes not just thermodynamically, but also
kinetically. Taking into account the milliseconds to seconds to
minutes time scale of chemical processes in the synapses, such
slow equilibrations between Afs_, and Ap,_, indicate that
ternary Cu(II)-Af;_, complexes with external ligands,
including other Af peptides, may indeed interfere with copper
brain physiology.

Electrochemical properties of Cu(Il)-Af;_, complexes may
further contribute to the impairment of brain copper
metabolism by enabling the Cu(II)/Cu(I) cycle in the high-
affinity Cu(II) pool, not accessible to much weaker Cu(II)-
Ap,_, complexes. In this fashion the overproduction of Af;_,
peptides could also enhance the oxidative stress and reactive
oxygen species (ROS) generation, normally ascribed to
Cu(I1)-Ap,_, species.”’ > On the other hand, the oxidation
of Cu(II) ions in Af;_, complexes to Cu(III) is even less likely
than in A, , complexes, but the presence of imidazole shifted
the oxidation potential of the Cu(1I)/Cu(IIl) couple toward
less positive potential values, thus slightly increasing the
probability of this reaction in vivo. Taken together, our results
indicate that Afs_, peptides, which bind Cu(II) ions much
more strongly than AB;_, peptides*® and only slightly more
weakly than AB,_, peptides,"®*” could interfere with Cu(II)
handling by these peptides, adding to copper dyshomeostasis
in Alzheimer brains, especially in the presence of auxiliary
imidazole ligands, such as His side chains in other peptides and
proteins.
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ABSTRACT: Amyloid-beta (Af) peptides, potentially relevant in the

pathology of Alzheimer’s disease, possess distinctive coordination properties,

enabling an effective binding of transition-metal ions, with a preference for NI{iVAB./phosphate
Cu(II). In this work, we found that a N-truncated Af analogue bearing a His-
2 motif, Aff;_o, forms a stable Ni(II) high-spin octahedral complex at a
physiological pH of 7.4 with labile coordination sites and facilitates ternary
interactions with phosphates and nucleotides. As the pH increased above 9, a u o
spin transition from a high-spin to a low-spin square-planar Ni(II) complex
was observed. Employing electrochemical techniques, we showed that
interactions between the binary Ni(II)—Af;_, complex and phosphate
species result in significant changes in the Ni(Il) oxidation signal. Thus, the
Ni(1I)—Ap;_s complex could potentially serve as a receptor in electrochemical
biosensors for phosphate species. The obtained results could also be
important for nickel toxicology.

[l Metrics & More | Q Supporting Information

Cu(I)/AB, /phosphate
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Bl INTRODUCTION

Peptides and proteins are common and efficient metal-binding
ligands. Many of them, including amyloid-f (Af) related to
Alzheimer’s disease, are rich in histidine (His) residues. The
location of His residues in the peptide chain and the nature of
the metal ion result in a variety of coordination properties and

terminal amine, the imidazole of His2, and the intervening
deprotonated amide N7, forming a 3N complex with the fourth
labile equatorial position that could be occupied by a water
molecule, a buffer molecule, or another peptide group.'” We
proved that phosphates could replace the water molecule in the
3N Cu(II)—Apfs_s complex, where the Argl side chain

thermodynamic stabilities of the resulting chelates." The
presence of the His residue near the free N-terminus of
peptides and proteins prompts high affinities of these ligands
to transition-metal ions such as Cu(Il) and Ni(Il) through
unique His-2 (XH) and His-3 (XZH) metal binding motifs (X
stands for any amino acid residue and Z for any residue
excluding Pro).”’ Peptides with these motifs have been
employed in biological and medicinal applications, including
copper sensing,4 biomolecule (e.g, DNA) degradation,‘”
biological imaging,’ and ROS quenching,’” Most studies
published in the literature have focused on the His-3 motif,®
but the His-2 one could be even more appealing due to the
labile coordination sites and, in consequence, the propensity to
form ternary complexes.” '® This feature seems to be of great
importance for selective recognition of biomolecules such as
anions.

Recently, we demonstrated that a Cu(II) complex with an
N-truncated Af analogue Af;_, (Arg—His—Asp—Ser—Gly—
NH, where —NH, stands for C-terminal amidation) is a
promising molecular receptor for phosphates at physiological
conditions.'* In this complex, Cu(Il) is bound to the N-

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

stabilizes the interaction between phosphates and the complex
by intermolecular forces.

The activity of peptides and proteins with the His-2 motif
has been related to their Cu(Il) complexes, with GHK as the
most notable case.'”'® In contrast, nickel is considered mostly
a toxic metal for the human body, and therefore, Ni(II)
complexes of the His-2 peptides have been less studied.
Ni(II)—peptide complexes generally are characterized by a
higher pK of the metal-driven amide deprotonation compared
to their Cu(II) counterparts, and consequently, the complex-
ation processes are shifted to higher pH. Additionally, Ni(II)
complexes exhibit high-spin/low-spin equilibria. In complexes
with the His-2 peptides, the high-spin, hexa-, or penta-
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coordinated species prevail mostly at pH 6—7, while the low-
spin complexes structurally analogous to Cu(II) species are
generally formed at higher pH values.'”'® These features can
be expected to affect the properties of metal—peptide
complexes as anion receptors. Moreover, the oxidation of the
metal center for Ni(II) complexes is expected to occur at lower
potentials than for the Cu(II)—peptide complexes'”*® due to a
smaller gain in the crystal field stabilization energy for the
transition from d® Ni(II) to d’ Ni(IlI) compared to the
transition from d° Cu(II) to d* Cu(III). Accordingly, it could
improve the recognition of a given analyte by the metal—
peptide receptor in electrochemical biosensors. Thus, we
decided to explore the Ni(II)—Af;_, complex to improve the
recognition of phosphates by the His-2 complexes.

In this work, we investigated Ni(II) coordination to Af;_o
and the electrochemical properties of the resulting complexes.
Next, we explored the ability of Ni(Il)-Af;_y to bind
biologically relevant anions, including phosphates and
nucleotides, with a focus on the redox properties of such
ternary systems. On this basis, we determined the sensitivity
and selectivity of the Ni(II)—Af;_, complex toward selected
analytes. Potentiometry and spectroscopy [UV—vis and
circular dichroism (CD)] were employed to describe the
structures and stabilities of Ni(Il)—Afs_ binary complexes,
while their redox properties and the effects of anions were
investigated by voltammetry [cyclic voltammetry (CV) and
differential pulse voltammetry (DPV)].

B EXPERIMENTAL METHODS

Chemicals and Reagents. Fmoc amino acids were purchased
from Novabiochem. The TentaGel S RAM resin was obtained from
RAPP Polymere. Diethyl ether was purchased from Chempur.
Acetonitrile and trifluoroacetic acid (TFA) were received from
Avantor and Merck, respectively. Potassium nitrate, nitric acid,
hydrochloric acid, potassium hydroxide, sodium hydroxide, nickel(II)
chloride hexahydrate (99.999% trace-metal basis), sodium chloride,
sodium acetate anhydrous, sodium phosphate monobasic, adenosine
$’-monophosphate (AMP) sodium salt, cytidine $’-monophosphate
(CMP) disodium salt, uridine 5’-monophosphate (UMP) disodium
salt, adenosine S'-triphosphate (ATP) disodium salt, cytidine $'-
triphosphate (CTP) disodium salt, and uridine S'-triphosphate
(UTP) trisodium salt dihydrate were received from Sigma-Aldrich.
Nickel(II) nitrate hexahydrate (purity 99.999%) and dimethylforma-
mide were purchased from Carl Roth. Sodium sulfate anhydrous was
supplied by Fluka. All solutions were prepared daily with deionized
water (the resistivity was 18 MQ-cm) passed through an Arium mini
Lab Water System (Sartorius). In order to prevent nucleotide
hydrolysis, the pH of each stock solution was adjusted to 7.0—7.4 and
the stock solutions were kept on ice during experiments. The
glassware was rinsed with 6 M HNO;, followed by deionized water
before use to avoid metal ion contamination.

Peptide Synthesis. The Af;_, peptide (Arg—His—Asp—Ser—
Gly—NH,) was synthesized on a Prelude peptide synthesizer (Protein
Technologies, Inc. Tucson, AZ) according to the Fmoc strategy.21
The peptide crude was purified by HPLC on a Breeze system
(Waters) equipped with a Vydac semipreparative column (5 mm
particle size, 10 X 250 mm). The mobile phase was a linear gradient
of solution B [0.1% (v/v) TFA/90% (v/v) acetonitrile/9.9% (v/v)
water] in solution A [0.1% (v/v) TFA/99.9% (v/v) water]. The
purity of the lyophilized peptide was verified by a Q-Tof Premier mass
spectrometer (Waters) exhibiting correct molecular masses.

Potentiometric Titrations. Potentiometric titration of the Aff;_
peptide and its Ni(II) complexes was performed on a 907 Titrando
automatic titrator (Metrohm, Herisau, Switzerland) using a Biotrode
combined glass electrode (Metrohm, Herisau, Switzerland) calibrated
daily by nitric acid titrations. 100 mM NaOH (carbon dioxide-free)

was used as a titrant. 1.5 mL samples were prepared in a 96 mM
KNO;3/4 mM HNO; solution. Complex formation was studied using
1:0.33, 1:0.4S, and 1:0.9 peptide-to-Ni(II) molar ratios. All experi-
ments were performed under argon at 25 °C in the pH range of 2.7—
11.5. The obtained data were analyzed using the SUPERQUAD and
HYPERQUAD programs.zz’23

UV-Vis and CD Titrations. The pH-metric titrations were
recorded at 25 °C on a Varian Cary SO spectrophotometer (Agilent)
over the spectral range 200—900 nm and on a J-815 CD
spectropolarimeter (JASCO) covering the spectral range of 228—
850 nm with a 1 cm-path quartz cuvette (Helma). NiCl, solution was
added to the samples to reach a 1:0.9 peptide-to-metal ratio.
Titrations were performed in water by adding small amounts of
concentrated NaOH solution. The pH stability was checked for each
titration point and adjusted with small amounts of concentrated
NaOH or HCI solutions. Dilutions were included in the calculations.

Voltammetric Experiments. Electrochemical measurements
were performed using a CHI 1030 potentiostat (CH Instrument,
Austin, USA) in a three-electrode arrangement: glassy carbon
electrode (GCE, BASi, @ = 3 mm) as the working electrode, an
Ag/AgCl, 3 M KCl electrode (MINERAL, Poland) as the reference
(electrolytic bridge filled with 100 mM KNOs), and a platinum wire
as the counter electrode (MINERAL, Poland). The working electrode
was sequentially polished with 1.0 gm and 0.3 gm alumina powder on
a polishing cloth to the mirror-like surface, followed by 1 min
ultrasonication in deionized water. All electrochemical measurements
were carried out in 100 mM KNOj; at room temperature under an
argon atmosphere. The concentration of peptide was 0.5 mM,
whereas the Ni(NO,), solution was added to the samples to obtain a
1:0.9 peptide/Ni(II) molar ratio to avoid Ni(OH), precipitation.

The concentration of anions (in selectivity tests) and nucleotides
was 10-fold higher than the initial concentration of the peptide. The
pH was adjusted by adding small amounts of concentrated KOH or
HNO; solutions and controlled using a SevenCompact pH meter
(Mettler-Toledo) with an InLab Micro Pro combination pH electrode
(Mettler-Toledo). The applied techniques were CV and DPV. During
CV measurements, various scan rates (v) were applied, whereas the
following parameters were used in DPV: a pulse amplitude of 0.05 V,
a pulse width of 0.1 s, a sample width of 0.00S s, and a pulse period of
1s.

B RESULTS AND DISCUSSION

Coordination of Afs_g by Ni(ll). A set of potentiometric
titrations of the Afs_o peptide in the absence and in the
presence of Ni(II) ions were performed to determine the
stability of the Ni(II)—Af;_, complexes. The values of
cumulative protonation constants (given as logarithms of
cumulative association constants log f) and the respective
values of stepwise constants (given as negative logarithms of
stepwise acidic dissociation constants pK,) for the Af_,
peptide are collected in Table 1. These values are in agreement
with a previous determination.'> As described in Table 1 in a
descending order, they are associated with the protonation/
deprotonation of the N-terminal amine, the imidazole ring of
His2, and the carboxyl group of Asp3.

In the next step, we calculated the stability constants of
Ni(II)—Afs_o complexes. Their values for the most reliable
coordination model are depicted in Table 1, whereas the
respective species distribution is shown in Figure 1. We
distinguished three major species. The formation of the first
one, [NiH_,L]", started at a pH around 5 and reached a
maximum at a physiological pH around 7.4. The second one,
[NiH_,L]°, appeared at a pH above 7, followed by [NiH_;L]'~
that emerged at a pH above 8.5. The applied model of Ni(II)—
Ap;_g coordination was further verified by CD and UV—vis
titration results derived from spectra that are shown in Figure
2. The pH dependence of absorbance at characteristic

https://doi.org/10.1021/acs.inorgchem.1c03285
Inorg. Chem. 2021, 60, 19448—19456



Inorganic Chemistry

pubs.acs.org/IC

Table 1. Cumulative Protonation and Stability Constants
(log p) and Stepwise Constant (pK,) Values for Af;_, (L)
and Its Ni(II) Complexes at I = 0.1 M (KNO;) and 25 °C”

species log p” pK, assignment coordination mode
[HL]™ 7.37(1) 737  Argl N-
term.

[H,L]* 13.51(1) 6.13  His-2

[H,L]>* 16.67(1) 3.17  Asp3

[NiH_,L]™* —090(1)  5.96° 3N [N*®, N7, N™]
+H,0

[NiH_,L]° -9.74(1)  8.84 3N [N™, N7, N™] +
OH~

[NiH_;L]'™ —1949(1) 9.75 4N [N*™, 3 N7]

9K, stands for an acidic dissociation constant. “For a general species
Ni,H,L, the stability constant § is defined as Bypnq: = [Ni,HL,]/
([Ni? x [H']? x [L]"). Standard deviations on the last digits
provided by HYPERQUAD, given in parentheses, represent the
statistical errors of constant determinations. Assignments are based on
literature values.'”'®** “Calculated based on the distribution diagram
presented in Figure 1.

[NiH_,L]° + [NiH_jL]"

1.0
Ni(l1)

0.8 E

| ©

E
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Figure 1. Species distribution calculated for 0.9 mM Ni(II) and 1.0
mM Af;_, using stability constants presented in Table 1, with
selected spectroscopic parameters overlaid.
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Figure 2. UV—vis (A) and CD (B) spectra of titrations of 1.0 mM
Ap;_o and 0.9 mM NiCl, with NaOH coded with rainbow colors from
red to purple, pH range: 3.0—11.7.

wavelengths was merged with the species distribution, as
shown in Figure 1. Such a high degree of convergence of
spectroscopic and potentiometric data confirms the proposed
coordination model. It also allowed us to estimate the
spectroscopic parameters for individual complexes given in
Table 2 (see also spectral patterns in Supporting Information,
Figure S1).

Table 2. Spectroscopic Parameters of the Ni(II)—Af_,
Complexes

UV-—vis CD
species Ama/nm (e/ M~' em™!) Jee/nm (Ae/ M7' cm™)
827 (9.6)
[NiH_,L]"* 586 (6.0) 235 (-3.30)
363 (12.2)
488 (—1.34)
NiH_,L]° 438 (135.6
[NiH_,L] 38 (1356) 426 (0.19)
464 (=220
[NiH_;L]*" 415 (195.8) ( )

415 (—1.64) sh”

“sh stands for a spectral shoulder.

We observed three low-intensity bands at UV—vis spectra
for [NiH_,L]'* at 363, 586, and 827 nm (Table 2, Figure 2A),
significantly blue-shifted from those registered for Ni(II) aqua
ions (without peptide) (see Supporting Information, Figure
S1). It demonstrates that [NiH_,L]" is a high-spin, octahedral
complex, where Ni(II) is bound to several nitrogen ligands.”®
Simultaneously, the [NiH_,L]"* stoichiometry indicates that
its formation was enabled by deprotonation of four peptide
groups, including at least one that does not undergo
deprotonation for the peptide alone at the studied pH range
2.7—-11.7. Based on literature data,'® we propose that for
[NiH_,L]", the Ni(II) ion is bound through the Argl N-
terminal amine, His2 amide, and His2 imidazole nitrogen,
forming a 3N complex (3N [N**, N7, N*] + H,0) with a
deprotonated Asp3 carboxyl side chain. The remaining
positions in the coordination sphere are likely occupied by a
water molecule and also by the Asp3 carboxyl or the carbonyl
oxygen.”® The CD spectra (Table 2) reveal only one negative
CT band at 235 nm described in the literature as the N** —
Ni(II) CT band (with a possible contribution of the imidazole
nitrogen),”’ confirming the proposed coordination mode.

The subsequent deprotonation resulted in the formation of
the [NiH_,L]° species that caused major changes in UV—vis
and CD spectral patterns (Figure 2). The position of d—d
bands at 438 nm for UV—vis and at 426/488 nm for CD (the
positive/negative band) suggests that [NiH_,L]° is a low-spin,
square-planar complex (see Table 2). This transition from a
high-spin to a low-spin Ni(II) complex could be associated
with the deprotonation of a water molecule, resulting in the
(3N [N*™, N7, N™] + OH") complex. The metal ion-induced
water deprotonation is a common feature in Ni(II) peptidic
complexes.”® It is also sufficient to trigger the spin transition.>
The proposed coordination pattern is confirmed by the
alternate pattern of d—d bands in the CD spectra, associated
with the presence of the six-membered chelate ring enabled by
His imidazole coordination next to the metal ion—peptide
nitrogen bond in Cu(II) and Ni(II) cornple)(es.l7’29’30

The [NiH_;L]'~ species occurs under the most alkaline
conditions and causes further changes in CD spectra with two
negative signals, a band at 464 nm and a shoulder at 415 nm, of
much higher intensity compared to that of [NiH_,L]° as well
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as a 23 nm blue shift of the d—d band in the UV—vis spectra.
The stoichiometry of this final complex associated with the
change of sign of CD d—d bands to uniformly negative
indicates the coordination of the Argl amine and three
subsequent peptide nitrogens (His2, Asp3, and Ser4).* It is
a result of the pH-driven deprotonation of the second and the
third amides and the removal of the imidazole of His2 from the
Ni(II) coordination sphere with the formation of a 4N [N*",
3N~] complex.

The ligand exchange kinetics of Ni(II) complexes, especially
that associated with the spin transition, is usually a slow
process, which requires the rearrangement of the electronic
structure and ligand exchange.33 Therefore, we checked the
kinetics of the spin transition in the studied system. The UV—
vis signals of Ni(II)/Afs_, at pH 7.4 appeared just after
reagent mixing/pH adjustment and were stable overnight
(including the band of the low-spin complex at 438 nm), as
shown in Supporting Information, Figure S2. Likewise, the pH
change from 7.0 to 10.5 led to substantial changes in the UV—
vis spectra immediately upon the pH adjustment, and only a
slight increase of about 5% was noted during the overnight
incubation (see Supporting Information, Figure S3). This
confirms that the kinetics of the formation of low-spin Ni(Il)—
Ap;_q according to the applied procedure (with no external
buffer but with the pH adjustment and pH control before each
measurement) should not significantly alter our analysis.

Electrochemistry of Ni(ll)-Af;_, Binary Complexes.
The cyclic voltammograms of Ni(II)—Af;_, recorded at pH
7.4 are depicted in Figures S4 and SS (Supporting
Information) and in Figure 3 (red curves). As expected, no

Aa |—pH 7.40
|—— pH 8.20
pH 9.05
34 pH9.51
|— pH 10.03
o {—pH11.02
< /\
2 /.

0.0 02 04 06 08 1.0 12
E(V) vs. Ag/AgCI

0
00 03 06 09 12
E(V) vs. Ag/AgCI

Figure 3. DPV (A) and selected CV (B) curves of the titration of
Ni(II)—Ap;_o (0.9:1.0 ratio) with KOH, recorded in 100 mM KNO;,
scan rate: v = 0.1 V/s. The CV curves at pH 9—10 in panel B were
recorded in a shorter potential range to avoid the effect of the other
processes at high potentials on the Ni(III) reduction in the reverse
scan.

electrochemical reduction of the complex metal center was
observed (Figure S4). The CV curves recorded in the positive
potential range showed the oxidation of Ni(II) at pH 7.4 with
a very weak signal of Ni(III) reduction on the reverse scan
(Figure 3B). An increase in the scan rate slightly intensified the
Ni(III) reduction (see Supporting Information, Figure SS).
However, the separation of anodic and cathodic peaks (AE, =
90 mV) indicates a slow electron transfer. In the literature,
reversible or quasi-reversible Ni(II)/Ni(II) redox processes
(AE, = 83 mV) were observed for ATCUN (His-3)
complexes, or generally, for square-planar complex struc-
tures.'” They are associated with a strong stabilization of
electrogenerated Ni(III) species in these chelates provided

mostly by deprotonated peptide nitrogens. Ni(II)—Apf;_o
forms predominantly an octahedral complex at pH 7.4 with
just a few percent of the [NiH_,L]° square-planar species
present in equilibrium. The high-spin complex requires a
significant structural rearrangement on the pathway to Ni(III)
as similar Ni(IIl)—peptide complexes are described as
tetragonal with the approximately square-planar arrangement
of coordinated peptide nitrogens.***> However, there are also
known examples of Ni(IIl) square-pyramidal complexes
formed by NiSOD-inspired peptides.*® The Ni(IIl)—peptide
species demonstrate pro-oxidative properties, often causing
peptide oxidation®” ™ and likely resulting in the almost
irreversible Ni(Il) oxidation for Ni(I)—Af_, at slower
potential sweeps. Considering a slow electron transport in
the Ni(II)/Ni(III) cycle and associated difficulties in the
analysis of the CV data, the DPV technique was mainly used in
further studies.

To fully characterize the redox properties of the binary
complex, we analyzed the pH dependence of the Ni(I1)—Af;_o
electrochemical signal (Figure 3A). The Ni(II) oxidation
potentials for the individual species are provided in Table 3. As

Table 3. Oxidation Potential Values Determined from the
DPV Curves of the Ni(II)—Af;_, Complexes

Ni(I)~Afs o Exianymim) (V) vs Ag/AgCl + SD
[NiH_,L]™* 1.016 + 0.008
[NiH_,L]° 0.790 + 0.005
[NiH_;L]*" 0.512 + 0.012

pH increased above 7.4, the intensity of the signal related to
the Ni(II)/Ni(IlI) couple (around 1.0 V wvs Ag/AgCl)
decreased. At a pH of about 9.5, we observed three
independent peaks likely associated with the metal center
oxidation in the three coordinating forms that coexisted in the
mixture ([NiH_,L]", [NiH_,L]°, and [NiH_,L]'"). At high
alkaline pH values, only one peak appeared (around 0.5 V vs
Ag/AgCl), in agreement with the predominant role of a
square-planar (4N [N*", 3 N~]) system of (5-5-5)-membered
chelate rings in Ni(II) coordination. A similar Ni(II) oxidation
potential value (around 0.6 V vs Ag/AgCl) was reported for
Ni(II) complexes of tetrapeptides consisting of glycine and
alanine residues,” confirming the proposed coordination
mode for the [NiH_;L]'” species of Ni(Il)—Af_o. As
demonstrated previously, such systems are most suitable to
stabilize Ni(III) species.zo’40 On the other hand, Bossu and
Margerum showed that the contribution of histidine residues
in the Ni(Il) coordination and a reduced number of amide
donors shifted the Ni(II) oxidation potential toward more
positive values. For example, a shift to around 0.7 V versus Ag/
AgCl was noticed for the ATCUN complexes due to the
presence of a (5-5-6)-membered chelate ring and/or an
occurrence of the 7-back-bonding in addition to the 6-bonding
between imidazole nitrogen and Ni(II) ions, while the shift to
around 0.6—0.7 V versus Ag/AgCl was reported for tripeptides
of noncoordinating side chains as a result of a lower number of
amide groups that stabilize Ni(III) due to their stronger
electron donor properties compared to amine or carboxylate
groups.”® Both these effects are also expected to increase the
potential of Ni(II) oxidation for the [NiH_,L]° species of
Ni(II)—Aps_s compared to [NiH_,L]'". Moreover, CV data
indicate a quasi-reversible Ni(Il) oxidation (AE, = 77 mV;
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Figure 3B, a light-blue line), confirming the Ni(III)
stabilization in the 4N chelate.

The observed shift of the Ni(Il) oxidation toward less
positive potentials for higher pH values is also consistent with
an expected impact of the complex charge on the redox
process. More negative charge of the complex should favor the
electron release and, consequently, result in the lower potential
of Ni(II) oxidation*"** as observed for the studied Ni(II)—
APs_g system (see Table 3).

Interactions with Phosphate Anions and Nucleotides.
Based on the potentiometric (Figure 1) and the voltammetric
(Figure 3) results, the pH value of 7.4 was chosen for further
studies due to its close resemblance to the physiological pH
and the predominance of the octahedral form of the Ni(I1I)—
Afs_oy complex that may possess more than one available
analyte binding site. The investigation of the interaction
between Ni(II)—Af;_, and phosphate species by spectroscopic
methods was very problematic due to the low intensity of the
basal signal of the metal complex and small spectral changes in
the course of the titration with phosphates, as shown in
Supporting Information, Figure S6. These results suggest a
very weak interaction (with the estimated K, about 16 + §
M), even weaker than those reported between phosphates
and Cu(II)—Apfs_, (K, about 50 M™})."* However, in the
previous paper, we showed that electrochemical methods could
be very useful in the studies of similar systems'* as the redox
activity could be triggered even by small changes in the
coordination sphere. Therefore, we mostly employed CV and
DPV techniques in this work to check if phosphates could also
alter Ni(II)/Ni(III) oxidation.

We started with a titration of the binary Ni(II)—Af;_,
complex with phosphate solution, monitoring changes in DPV
signals (Figure 4A). As the H,PO,”/HPO,*” concentration

[—0.45 mM Ni(ll)-ABs.
+10 mM:
|——H,PO, HPO, >

[—— 0.45 mM Ni(ll)-ABs.o
+H,PO,THPO, 2
0.25mM

——20 mM
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=
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E(V) vs. Ag/AgCI E(V) vs. Ag/AgCI

Figure 4. DPV curves of the titration of 0.45 mM Ni(II)—-Ap;_,
(0.9:1.0 ratio) with NaH,PO,/Na,HPO, (A) and DPV curves
obtained for 0.45 mM Ni(II)—Af;_, alone and after the addition of
10 mM of selected anions (B), recorded in 100 mM KNO; at pH 7.4.

increased, the oxidation peak of the Ni(II)/Ni(IlI) couple
successively shifted toward less positive values. At the end of
the titration, for about a 100-fold excess of phosphate over
Ni(II)—Ap;_o, the oxidation signal occurred at a potential
lower by ca. 175 mV than that of the source Ni(Il)—Af;_,
complex. The large facilitation of the Ni(II)/Ni(Ill) redox
process in the presence of phosphate species illustrates that the
phosphate buffer used routinely in many experiments in the
concentration range of 20—100 mM could drastically impact
the results and analysis (eg, during the investigation of an
extracellular process in a 50 mM phosphate buffer, whereas the
extracellular phosphate concentration is about 1 mM**). On

the other hand, the most extensive changes were observed up
to S mM of phosphates (see also Supporting Information,
Figure S7), which is consistent with the limit value of the
reported intracellular range of phosphate concentration of
0.5—5 mM.* As such, the pattern of the response of Ni(Il)—
APy to phosphates is very promising for the phosphate
sensing in the cell by the Ni(II)—Af;_, complex.

Continuing the studies on the Ni(II)—Af;_s complex as the
potential molecular receptor, we also analyzed the response of
the studied binary system toward selected anionic species.
Therefore, we performed DPV measurements for the Ni(Il)—
Afs_y solution containing interfering physiological and
environmental anions (Figure 4B). The noteworthy changes
for the Ni(II) oxidation signal were observed only in the
presence of acetate and phosphate anions (Figure 4B, a green
line and a blue line, respectively); for about a 20-fold excess of
the anions over Ni(Il)—Af;_,, the Ni(I) oxidation potential
decreased by 70 mV after the addition of acetate and even
more, by 160 mV, for phosphate (see Supporting Information,
Table S1). Nevertheless, the electrochemical response
registered in a mixture of all tested anions (phosphate,
chloride, sulfate, and acetate) indicated a significant selectivity
toward the phosphate (Figure 4B, a cyan line).

The selectivity of receptors designed for phosphate anion
recognition remains problematic, especially for inorganic
phosphates over phosphorylated biomolecules. Thus, we tested
the effect of the addition of various nucleotides on Ni(Il)—
Afs_o redox properties. As nucleotides are electroactive
species,”” we examined molecules whose oxidation potential
is higher than 1.0 V (vs Ag/AgCl) at pH 7.4. We rejected the
guanosine phosphates based on these criteria and chose
adenosine, cytidine, and uridine phosphates for further studies.

It is well known from the literature that nucleotides
coordinate metal ions. For complexes of all types of
nucleotides, the metal ion is bound via the most basic terminal
phosphate group and also in the purine nucleotides partially by
nitrogen (N7) of the purine moiety.** The control DPV curves
for the respective Ni(Il)—nucleotide binary systems did not
yield peaks in the potential range from 0.5 to 1.0 V, and the
only signals visible at the potential higher than 1.2 V were
related to the nucleobase oxidation (see the DPV curves
obtained for ATP in the absence and presence of Ni(II) ions in
Supporting Information, Figure S8). Hence, this proved that
the voltammetric signal observed around 0.8—1.0 V for the
ternary system with nucleotides was not associated with the
redox process of the binary Ni(Il)—nucleotide complex.

The presence of nucleotides in the Ni(II)—Af;_, solution
shifted the oxidation peak toward less positive potentials
(Figure S). It could be associated with the destabilization of
the Ni(II) complex structure and the stabilization of the
electrogenerated Ni(IIT) form in a ternary system facilitated by
electrostatic and stacking interactions between the His
imidazole ring and the nucleobase.”” However, in contrast to
the previous study,'* the signal in the DPV curves occurred at
different potentials for mono- and triphosphates (but only a
slight shift of oxidation peak toward less positive potentials was
observed with an increase of the AMP concentration from 10
mM to 30 mM). This can be explained by the ability of
octahedral Ni(II) to interact with more than one nucleotide
phosphate group due to the possible chelating effect and
preference for phosphates over nucleobase nitrogens,” in
contrast to the more rigid four-coordinate planar structure of
Cu(II)—Ap;_y complexes.

https://doi.org/10.1021/acs.inorgchem.1c03285
Inorg. Chem. 2021, 60, 19448—19456



Inorganic Chemistry

pubs.acs.org/IC

—— 0.45 mM Ni(ll)-As, !
+10mM:
ATP
34 utP
- ctp
< {—awe
3 ump
2 —cwe
+30mM :
- =« AMP
1 E
01— T T
0.6 0.8 1.0 1.2

E(V) vs. Ag/AgCI

Figure 5. DPV curves obtained for 0.45 mM Ni(II)—Af;_, alone (a
black curve), after the addition of 10 mM nucleoside mono-
phosphates (pink, blue, and green curves) or nucleoside triphosphates
(faded pink, blue, and green curves), and after the addition of 30 mM
adenosine monophosphate (a dashed pink curve). The measurements
were done in 100 mM KNO; at pH 7.4.

In accordance with the above considerations, the most
facilitated (AE,, ~240 mV) Ni(Il) oxidation process was
noticed for ternary systems with nucleoside triphosphates (see
Supporting Information, Table S1). This feature was evident
for the obtained CV curves that showed a more reversible
Ni(II)/Ni(III) redox process in the presence of nucleoside
triphosphates (see Supporting Information, Figure S9). In
addition, a signal intensity decrease observed after the
triphosphate addition may be the result of slower diffusion
of the complex to the electrode surface due to the increased
size of the chelate.

Comparison with the Ni(ll) Complexes of Other His-2
Peptides. We compared the properties of the Ni(II)—Af;_,
complex to the literature data of Ni(Il) complexes of His-2
peptides. However, it was not straightforward due to multiple
binding models, different stoichiometries, and the formation of
multimeric species proposed for these systems. Therefore, we
calculated a pNi parameter according to the following equation

pNi = —log Cy;x)

where Cyq) is the concentration of Ni(II) aqua ions.

The simulation was performed by the Hyss software®® for 1
mM Ni(II), 1-S mM peptide, and pH 7.4 (see Figure 6). The
pNi values for the Ni(Il)/Af;_, system are in the middle of
pNi values estimated for the previously studied Ni(II) /peptide
system. Afis_o has been found to have a higher affinity to

——RHDSG-NH, (Afi;5)
= = Gly-His
9 - Gly-Hist

1 2 3 4 5
peptide/Ni(ll) ratio

Figure 6. Dependence of pNi values on the peptide/Ni(II) molar
ratio for different peptides calculated for 1 mM Ni(II) and 1-5 mM
peptide at pH 7.4 based on potentiometric results obtained in this
work for Afs_y and published previously.'*****°*>* Hist stands for
histamine.

Ni(II) ions compared to dipeptides (Gly—His and Gly—
Hist),”*** very similar to that of the tripeptide GHK,'® and
lower than longer peptides with additional Ni(II) binding sites
provided by further His or Cys residues.”**' For all of them,
the primary Ni(II) binding sites are believed to occur at the N-
terminus composed of the N-terminal amine, the His2 amide,
and the His2 imidazole forming the 3N complex. However,
other than 1:1 stoichiometries have been proposed especially
for shorter peptides due to the formation of oligomeric
Ni(II):peptide species.'®*®** The model proposed by us for
Ni(II)/Af;s_o does not include multimeric species as their
implementation did not improve the fitting. In accordance, the
UV—vis titration of 0.9 mM Ni(II)/1 mM Afs_, with the
Ap;_o peptide did not show clear signs of such species (see
Supporting Information, Figure S10). The addition of the
peptide caused an increase in the intensity of the Ni(II)
complex bands, but it was correlated with the general rise in
neighboring signals of the high-intensity bands in the UV
region due to the higher peptide concentration. Overall, we
could not exclude the presence of multimeric species for
Ni(I)/Afs_o, but their stability (if they exist) would be very
low. Moreover, the presence of positively charged Argl should
successfully hinder the interaction with other peptide
molecules.

Finally, the highest pNi values were observed for the
AHAAAHG/AHAAAC-NH, peptides.”*®' The presence of
another His/Cys residue at the C-terminus of AHAAAHG/
AHAAC-NH, peptides indeed increased the affinity to Ni(II)
ions compared to Af;_g or GHK. However, this amplification
resulted likely from the interaction typical for His-2 peptides
3N chelating with the His/Cys residue further. Such
interactions are not favored for our system as 3N [N*", N7,
N™] + H,O is supposed to interact with phosphate and not
compete with other groups of the peptide.

As such, the sequence of Aff;_o provides beneficial features
compared to other peptides bearing the His-2 motif for its
application as a Ni(II) complex in the receptor system of the
sensor for the phosphate species. The Ni(1I) affinity of Afs_,
should ensure a robust anchoring site for Ni(II) ions. On the
other hand, the 3N [N*, N7, N'™] + H,O species of the
Ni(1I)/Aps_s complex, the core of the potential recognition of
phosphates, is less susceptible to interaction with other
peptide-derived groups of the intermolecular (as for Gly—
His, Gly—Hist and also GHK at a slightly higher pH) or
intramolecular character (as for peptides containing His/Cys
residues at further positions).

Effect of Altering the Metal Center of the Af;_o
Complex. At pH 7.4, the conditional stability constant of
the Ni(II)-Afs_s complex for 1 mM concentrations of
reagents (K° = 1.7 X 10° M™") is more than S orders of
magnitude lower than for Cu(Il)—Afs_, (K° = 5.8 x 10"
M™). As such, the peptide Af;_, would primarily form
complexes with Cu(II) ions for the equimolar amounts of
Cu(II)/Ni(II)/Afs_o at pH 7.4 and generally at pH higher
than 3.6, as calculated based on the potentiometric constants
(see Supporting Information, Figure S11). Also, we checked
the kinetics of the ligand exchange between Cu(II) and Ni(II)
complexes adding an equimolar amount of Cu(II) ions to the
Ni(II)—-Afs_o complex at pH 7.4. As shown in Supporting
Information, Figure S12, the transfer was accomplished within
the mixing time and the time of pH adjustment, confirming the
dominance of Cu(II) complexes in the analyzed mixture.

https://doi.org/10.1021/acs.inorgchem.1c03285
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On the other hand, the binding of Ni(I) to Af_, was
strong enough to prevent the Ni(OH), precipitation noticed
for other biomolecules, such as isomers of urocanic acid or
peptide models of the prion protein.’*** Thus, the stability of
the Ni(II)—Afs_o complex should be sufficient for its
employment as a receptor for molecules of low Ni(II) affinity
(such as phosphates).

Considering the electrochemical behavior of the studied
system, the change of the metal center in the Af;_g complex
from Cu(II) to Ni(II) facilitated the oxidation of the metal
center (Table 4) due to different geometries and stabilities of

Table 4. Comparison of the Oxidation Potential Values
Eyny/mauy at pH 7.4 Determined from DPV Curves of
Binary Ni(II)/Cu(II)—Af;_, Complexes Alone and in the
Presence of 10 mM Phosphates

Enqnman (V) vs Ag/AgCl + SD

binary complex + 10 mM AE,,
studied complex  binary complex phosphates (mV)“
Ni(I)-Afs_,  1.016 + 0.008 0.860 + 0.002 —160
Cu(Il)-Afs_s  1.204 + 0.005 1.056 + 0.006 —-150

“AE,, is the difference in the potential values in mV of Cu(II) or
Ni(II) oxidation of the ternary system with phosphates and the binary
complex round to the nearest tens.

the complexes. This effect favors the application of the Ni(II)—
Afs_o complex in the receptor layer of an electrochemical
biosensor. However, changes in the electrochemical response
of such a complex upon phosphate anions addition were
similar to those obtained for Cu(II)—Af;_, (see Supporting
Information, Figure S7 and Table 4). Thus, the sensitivity of
anion recognition of both chelates is comparable. These results
are related to similar Lewis acidities of Cu(II) and Ni(II) and
suggest that despite potentially accessible axial sites in the
Ni(II) complex, the phosphate anion’s favorable binding site is
the equatorial position in the coordination sphere of the metal.

Nevertheless, an enhanced affinity for chloride and sulfate
anions was observed for the Ni(II)—Af;_, complex, which
may be caused by the increased impact of electrostatic effects
on the octahedral geometry of the binary complex (Figure 7).

240
[ cu()-ABs,

2004 CINion-Apss

-160 4

-1204

AE o (MV)

-804

-40 -

[E

Figure 7. Comparison of selectivity of phosphate anion recognition at
pH 7.4 between Ni(II)—Afs_y and a Cu(Il)—Afs_y complex
described previously."* AE,, is the difference in the potential values
of Cu(II) or Ni(II) oxidation of the respective ternary system and the
binary complex. Concentrations of reagents: 0.5 mM Af_o, 0.45 mM
Cu(II) or Ni(II), and 10 mM anions or nucleotides.
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The most significant difference in receptor properties of
Cu(II)—/Ni(II)—Ap,_, is reflected in the interactions between
nucleotides and the studied complexes. Cu(Il)—Af;_, is a
square-planar Jahn—Teller distorted complex. Thus, it has a
strong tendency to coordinate ligands in the equatorial
position and prefer an interaction with the nucleotide’s most
basic phosphate group, which resulted in a similar oxidation
peak potential of Cu(II)—Af;_y after AMP and ATP addition
(Figure 7)."* The accompanying intermolecular forces, such as
stacking interactions, will be preferred in the high-spin Ni(II)—
Ap;_o. The presence of the oxidation peak at a similar potential
upon the addition of the same amount of phosphate anions
and monophosphate nucleosides but at different potentials
upon the addition of the same amount of triphosphates
suggests a strong dependence of the Ni(II) oxidation potential
on the number of phosphate groups in the phosphate species.
Moreover, the signal related to Ni(II)/Ni(IIl) in that ternary
system with Af;_o occurs at the same potential value for
pyrimidine and purine nucleotides, indicating irrelevance of the
nucleobase type in such interactions.

Biological Relevance. The facilitated Ni(II) oxidation of
Ni(II) complexes of His-2 peptides in the presence of
phosphates could also be very important for nickel toxicity.
As phosphates are an integral part of the DNA structure, the
DNA phosphate groups could attract the Ni(II) complexes of
the His-2 peptides, increase the oxidative stress level provided
by the Ni(II)/Ni(III) couple, and, in consequence, assist in the
DNA cleavage. Previously, oxidative DNA cleavage was
described mainly in the presence of Ni(II) complexes of His-
3 peptides.>™’ The Ni(Il) oxidation potential of such
complexes was reported at about 0.7-0.9 V versus Ag/
AgCI*****% and was much lower than that of Ni(II) high-spin
complexes with the His-2 peptides (about 1.0 V versus Ag/
AgCl at pH 7.4). As shown by us, the interaction with
phosphate could decrease the oxidation potential of the Ni(II)
complexes of the His-2 peptides even to 0.8 V versus Ag/AgCl
at pH 7.4. This value was reported for the known DNA
cleavage catalysts — Ni(II) complexes of the His-3 peptides.
The oxidative activity of Ni(II) complexes of the His-2
peptides has to be further proven by appropriate methods.
However, the results obtained by us could be vital for studies
of nickel toxicology.

B CONCLUSIONS

The Ni(II)—Aps_y complex offers beneficial features as a
potential receptor of phosphate anions. The sequence of the
peptide with a histidine residue at the second position and with
no further Ni(II)-binding sites should ensure a relatively strong
Ni(1I) binding (anchored at the His2 residue) with labile
coordination sites eager to interact with phosphates. Such an
interaction prompts a strong electrochemical response that
could be valuable for phosphate sensing, including the
detection of phosphate groups in more complex structures
such as nucleotides.
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Abstract: Amyloid- (Ap) peptides are crucial in the pathology of Alzheimer’s disease. On the
other hand, their metal complexes possess distinctive coordination properties that could be of great
importance in the selective recognition of (bio)analytes, such as anions. Here, we report a novel
group of molecular receptors for phosphate anions recognition: metal-peptide complexes of A3
peptides, which combine features of synthetic inorganic ligands and naturally occurring binding
proteins. The influence of the change in the metal ion center on the coordination and redox properties
of binary Cu(Il) /Ni(II)-AB complexes, as well as the affinity of these complexes towards phosphate
species, were analyzed. This approach offers the possibility of fine-tuning the receptor affinity for
desired applications.

Keywords: metal-peptide complexes; voltammetry; molecular receptors

1. Introduction

The determination of phosphate anions in body fluids provides information about
various disorders such as hyperparathyroidism or vitamin D deficiency [1]. Therefore, the
monitoring of phosphate levels is of interest for human health. Chemical sensors are an
ideal alternative to classic analytical methods, but their construction requires the synthesis
of appropriate receptors, selectively binding to the analyte.

Amyloid  peptides (Ap) related to Alzheimer’s disease are well known for their
neurotoxic properties [2]. However, metal complexes, with their N-terminally truncated
analogs, have unique coordination properties that could be employed in the design of
potential receptors for biorelevant anionic species [3,4]. The ABs.9 (Arg-His-Asp-Ser-Gly-
NH,) peptide possesses a His-2 binding motif, and thus forms stable complexes with
transition metal ions such as Cu(Il) or Ni(Il). At pH 7.4, the Cu(II) or Ni(II) ion is bound
by three nitrogen atoms (3N) from the His residue, the N-terminal amine, and the peptide
backbone amide [5]. The resulting chelates also exhibit a labile coordination site, enabling
ternary interactions. Hence, metal-peptide complexes offer the possibility of fine-tuning
their affinity for desired applications by altering the amino acid sequence and the metal
ion center.

The present work explores and compares the coordination and redox properties of
Cu(II) and Ni(II) complexes of the APs.9 peptide, followed by their ability to interact with
biologically relevant phosphate anions and nucleotides.
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2. Materials and Methods
2.1. Chemicals and Reagents

All chemicals were purchased from Merck and Sigma Aldrich. All solutions were
prepared daily with deionized water (18 MQ)-cm). In order to avoid Cu(II) /Ni(II) contami-
nation, the glassware was raised with 6 M HNO; followed by deionized water. AMP and
ATP stock solutions were adjusted to pH 7.0-7.4 and kept on ice during measurements to
prevent nucleotides hydrolysis.

2.2. Peptide Synthesis

Synthesis of the Af35.9 peptide was performed according to the Fmoc/tBu strategy [6]
on a Prelude™ peptide synthesizer (Protein Technologies, Inc., Tucson, AZ, USA). The
crude was purified by HPLC with the UV detection (Waters, Milford, MA, USA) at 220 nm.
The purity of the peptide was verified by ESI-MS (Waters, Milford, MA, USA).

2.3. Voltammetry

Electrochemical measurements (CV, DPV) were performed using the CHI 1030 poten-
tiostat (CH Instrument, Austin, TX, USA) in a three-electrode arrangement with a GCE
(BASi, 3 mm diameter) as a working electrode, an Ag/AgCl electrode (Mineral, Warsaw,
Poland) as a reference, and a platinum wire as an auxiliary electrode. The GCE was se-
quentially polished with the alumina powder (1.0 um and 0.3 pm) on a Buehler polishing
cloth. Then, the working electrode was sonicated for 1 min and rinsed thoroughly with
deionized water. All voltametric experiments were carried out in 100 mM KNO; at pH 7.4
under argon. The pH was adjusted with small aliquots of concentrated KOH or HNO3;
solutions. The peptide-to-metal(II) ratio was 1.0:0.9.

3. Results and Discussion

The electrochemical response for the Afs5.9 metal complexes recorded at pH 7.4 is de-
picted in Figure 1. The binary Cu(II)-Af5.9 complex enabled both the reduction (Figure 1A,
blue line) and oxidation of Cu(II) ions (Figure 1B, blue line). The exchange of the metal cen-
ter complex to Ni(II) caused significant differences in the redox behavior, with a decrease
in metal center oxidation by 188 mV compared to Cu(Il) complexes (Figure 1B, green line).
We did not observe any signals associated with Ni(II) reduction (Figure 1A, green line).

Distinct electrochemical properties are likely caused by the differences in geometry
and the stabilities of the Afs5.9 complexes. Under studied conditions, Cu(II) complex is
square-planar, while Ni(II) complexes are mostly octahedral. Additionally, the conditional
stability constant of the Cu(Il)-ABs.9 (5.8 x 1012 M~1) is about five orders magnitude higher
than for Ni(IT)-ABs. (1.7 x 106 M~1) [3,5].

Considering the application of the metal complexes of AfBs.9 as a recognition element,
we studied their response to selected anionic species. Observed changes in the oxida-
tion potentials of the metal center upon the addition of 10 mM phosphates were similar
(~150-160 mV) for Cu(Il) and Ni(II) complexes of As.9. Comparable sensitivity of chelates
is probably related to a similar Lewis acidity of the metal centers. Furthermore, both
complexes exhibit a good selectivity towards phosphates in the presence of chlorides and
sulfates (Table 1). Aside from phosphates, only acetates, among other tested analytes, inter-
acted with the metal-peptide complexes, causing changes in redox activity. Nevertheless,
the voltametric signals for acetates occurred at different potentials than for phosphates.

Since the intercellular level of organic phosphates can be 20 times higher than inor-
ganic phosphates, we decided to investigate the affinities of the studied metal-peptide
complexes for selected nucleotides (AMP, ATP). Similar to phosphate anions, the presence
of nucleotides shifted the oxidation peak to less positive values. However, in contrast to
Cu(II)-ABs.9, the signal of the metal center oxidation for Ni(II)-A35.9 occurs at different
potentials for mono- and triphosphates (see Table 1). We suggest that this is due to the
ability of the octahedral nickel complex to interact with more than one phosphate group of
ATP as a result of the chelate effect.
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Figure 1. CV curves registered for 0.5 mM Afs.9 in absence (grey line) and in the presence of
0.45 mM Cu(II) (blue line), or 0.45 mM Ni(II) (green line) scanned towards negative (A) and positive
(B) potentials and recorded in 100 mM KNOj at pH 7.4, scan rate v = 0.1 V/s. Analyzed based on

data published in the literature [3-5].

Table 1. Comparison of the affinity towards selected anions and nucleotides of the Cu(II)-Aps.9
and Ni(I)-ABs.9 complexes. AEyqr),/ M) is the difference of the potential values of Cu(II) or Ni(II)
oxidation of the respective ternary system and the binary complex. Calculated based on results

published previously [3,4].

Anion AEcyan/cuarp (mV) AENian/Niam (mV)
Cl- -2 -8
50,42 -8 -21
CH3COO~ —84 —68
H,PO,~ /HPO4Z~ —150 —156
AMP —136 —126
ATP —152 —230

4. Conclusions

Metal-peptide complexes of peptides possessing the His-2 motif ensure there are
labile coordination sites, enabling ternary interactions with phosphate anions and nu-
cleotides. Such interactions lead to a strong electrochemical response, which could be
valuable for designing a promising class of peptide-based molecular receptors with poten-
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tial applications as recognition elements in electrochemical biosensors and in vitro clinical
diagnostics.Our research proved that the change in the metallic center of the Af5.9 complex
significantly influences its coordination properties and redox activity. Nevertheless, alter-
ing the metal center from Cu(II) to Ni(II) does not change the sensitivity of the complex
toward phosphate anions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/CSAC2021-10449/s1.
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Copper(i) complexes of peptides with a histidine residue at the second position (His2 peptides) provide a
unique profile of electrochemical behavior, offering signals of both Cu(i) reduction and Cu(i) oxidation.
Furthermore, their structures with vacant positions in the equatorial coordination plane could facilitate
interactions with other biomolecules. In this work, we designed a library of His2 peptides based on the
sequence of ABs_g (RHDSG), an amyloid beta peptide derivative. The changes in the ABs_o sequence
highly affect the Cu(i) oxidation signals, altered further by anionic species. As a result, Cu(i) complexes of
Argl peptides without Asp residues were chosen as the most promising peptide-based molecular recep-
tors for phosphates. The voltammetric data on Cu(i) oxidation for binary Cu(i)—His2 peptide complexes
and ternary Cu(i)-His2 peptide/phosphate systems were also tested for His2 peptide recognition. We
achieved a highly promising identification of subtle modifications in the peptide sequence. Thus, we intro-

Received 21st September 2022,
Accepted 9th November 2022

DOI: 10.1039/d2dt03078k

Open Access Article. Published on 10 November 2022. Downloaded on 11/17/2022 10:24:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(=)

rsc.li/dalton

Introduction

Amyloid B (Ap) peptides are at the center of Alzheimer’s
disease (AD) research. They are the main constituents of
amyloid plaques. Several forms of Ap with different lengths
and modifications have been found in vivo, including AP,
and N-terminal truncated APps .y, APsx, APsx, APpi1x and
ABy1 . (predominant x values 40 and 42)." Previous studies
demonstrated that each of them binds to Cu(u) ions, although
the N-terminal modifications significantly impact their affinity
and Cu(u)-binding sites.*”® The structures and properties of
Cu(u)-Ap complexes depend mostly on the localization of His
residues in the peptide sequence.

The diversity of Cu(u)-Af complexes also results in their
various redox properties, which could be crucial for the under-
standing of the elevated oxidative stress level in AD.”” For
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plexes in the presence of anions; loading plots; HCA diagrams. See DOI: https:/
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duce voltammetric measurement as a potential novel tool for peptide sequence recognition.

example, Cu(u) complexes of two major Ap forms in the brain,
AB,_, and AP,-,, show contrasting electrochemical properties.
The heterogeneous Cu(u) binding site in Af;_,, involving the
N-terminus and His6, His13, and His14, could be reduced at
pH 7.4, easily entering the Cu(u)/Cu(i) cycle,'®'" which fuels
the generation of reactive oxygen species.’” The electro-
chemical Cu(u) oxidation has not been reported for this
species at this pH. In contrast, Cu(u) in complex with AB,_,
where His3 plays a dominant role in the metal ion coordi-
nation, could be oxidized to Cu(ur),>'"'*'* but it is highly
resistant to the reduction to Cu(1)." Interestingly, another
form, ABs_,, which contains His2, binds to Cu(u) in such a way
that it enables both Cu(u) reduction and Cu(u) oxidation. The
coordination mode of the Cu(u)-Afs, complex comprised
three nitrogen atoms (3N) from the N-terminal amine, the first
amide, and the imidazole ring of His2 (N*™, N~, and N'™) with
a vacant fourth equatorial site.® The structure of the 3N
complex of Cu(u)-ABs._, is provided in Fig. 1. The vacant posi-
tion is occupied mostly by loosely bound water molecules,
which could be a gate for interactions with other biomolecules
under physiological conditions and could be utilized in the
design of biosensors.****”

Anions are molecules of great concern to human and
environmental health.'®'® Among them, phosphate anions
deserve special attention. Monitoring phosphate levels, e.g., in
blood, allows the diagnosis of bone, kidney, and thyroid dis-
eases.”® The recognition of phosphates is particularly challen-

Dalton Trans.
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Fig. 1 The scheme of the general structures of the Cu(i) complexes of
His2 peptides. The vacant equatorial site is highlighted in grey. R1 and
R3 stand for the first and the third residues in the His2 peptide
sequence, which were exchanged in this work for Arg, Asp, and Gly.

ging because they are highly hydrated.>" Therefore, the devel-
opment of new methods for determining these anions is an
important scientific goal. We recently demonstrated that Cu(u)
complexes of Afs_o could interact with phosphates, extensively
altering the potential of Cu(u)/Cu(m) oxidation.*'®'7**
Moreover, the studied peptide also possesses Arg (R) and Asp
(D), residues that are commonly applied in designing selective
molecular receptors towards anions.'®?* Thus, their presence
in the peptide sequence could provide additional interactions
such as electrostatic forces and/or hydrogen bonding.

Taking into account the distinctive properties of Cu(u)-
APs_o, we designed a library of nine His2 peptides consisting of
ABs_o (Arg-His-Asp-Ser-Gly) and its eight analogs (Table 1),
whose binary Cu(u) complexes represent potential phosphate-
binding receptors. We exchanged the first and the third amino
acid residues for Arg and Asp, potentially contributing to intra-
molecular interactions, or Gly (G) as the smallest building
block of peptides, without the side chain. For simplicity, all
oligopeptides will be described with the first three residues of
their sequences, as provided in Table 1. We performed initial
UV-vis spectroscopic studies on the formation of Cu(u)-
peptide complexes. Then, we employed Cyclic Voltammetry
(Cv) and Differential Pulse Voltammetry (DPV) to check the
electrochemical properties of binary Cu(u) complexes of His2
peptides as well as to compare the response of the complexes
toward the selected anions. In the last part of the paper, we

Table 1 Sequences of the studied His2 peptides. All possess free
N-terminal amines and amidated C-termini (—NH,)

His2 peptide sequence Abbreviation
The maternal sequence

Arg-His-Asp-Ser-Gly-NH, (Aps_o) RHD
Analogs

Arg-His-Gly-Ser-Gly-NH, RHG
Arg-His-Arg-Ser-Gly-NH, RHR
Asp-His-Asp-Ser-Gly-NH, DHD
Asp-His-Arg-Ser-Gly-NH, DHR
Asp-His-Gly-Ser-Gly-NH, DHG
Gly-His-Gly-Ser-Gly-NH, GHG
Gly-His-Asp-Ser-Gly-NH, GHD
Gly-His-Arg-Ser-Gly-NH, GHR
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have proposed another approach. Using the same data set, i.e.,
voltammetric curves registered for binary (Cu(u)-His2 pep-
tides) and ternary (Cu(u)-His2 peptides/phosphates) systems,
we discriminated the His2 peptide sequences by Principal
Component Analysis (PCA). Thus, we demonstrated that the
analysis of the Cu(u) oxidation process in the metallocomplex
provides a dual application: the recognition of phosphate
species and the identification of His2 peptide sequences.

Results and discussion

Influence of the His2 peptide sequence on Cu(u) coordination
- spectroscopic studies

We started with spectroscopic studies on Cu(u) coordination
with the His2 peptides, whose sequences are compiled in
Table 1. As they differ primarily by the acid-base properties of
their first and third residues, we performed pH-metric titra-
tions of solutions containing Cu(u) ions and the peptides. The
UV-vis spectra are provided in Fig. S2,7 pH dependence of the
formation of Cu(u) complexes of His2 peptides is given in
Fig. 2, and the detailed spectroscopic parameters related to 3N
and 3N + OH™ complexes are shown in Table 2 and Table S1,}
respectively.

In general, during all titrations, two d-d bands for
Cu(u)-peptide complexes were observed. The first one, around
605 nm, appeared at pH above 3 (see Fig. 2, open symbols)
and is characteristic of the 3N [N®™, N'™, N~] square planar
Cu(u) complex of the His2 peptides.*'®>*"2¢ What is important
for this work is the presence of the 3N complex as the main
Cu(u) coordination mode for all the studied complexes at phys-
iological pH 7.4. The second d-d band around 520 nm was
noticed at pH higher than 9 (see Fig. 2, full symbols) and cor-
responded to the formation of the 3N + OH™ [N*™, N'™ N,
OH™] complex due to the deprotonation of a water molecule.

Despite these similarities, we found significant differences
between the peptides in the formation of both 3N and 3N +
OH"™ species. For example, the 3N complex appears at higher
pH values for the peptides possessing the Gly residue at the
first position (Gly1), Fig. 2. This is also reflected in the highest
pK values calculated for those complexes, pK 3.9-4.0. In this
work, pK is defined as the pH value at which half of the total
copper amount is in the form of the given species (here, 3N
complex). The pK values were obtained by fitting the spectro-
scopic data for 3N complexes provided in Fig. 2 (open
symbols) to the Hill equation (see the ESLt eqn (S1) for the
fitting description and Table 2 for the detailed pK values). As
such, the higher pK values for 3N complexes of Glyl peptides
are associated with the lower stability of these complexes. The
pK values calculated for 3N Cu(u) complexes of the remaining
His2 peptides were in the range of 3.5-3.8, with the lowest
value for RHR. In this case, Arg residues likely decrease the
deprotonation pK, values of Cu(u) binding groups, such as the
Argl amine, peptide bond Argl-His2, and His2 imidazole,
which occur in the proximity of the Arg residues in the
designed peptides. This, in consequence, facilitates the for-

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 The pH dependence of absorbance at wavelengths associated with the formation of the two main species of Cu(i) complexes of the His2
peptides, 3N complex (open symbols) and 3N + OH™ (full symbols), based on the spectra from Fig. S2.1 The solid lines represent fits to the Hill
equation and the pK values calculated for 3N species of each peptide are given in the corresponding graph, while their detailed values are given in

Table 2.

Table 2 Spectroscopic parameters for Cu(il) 3N complexes of His2
peptides calculated on the basis of the UV-vis spectra at pH 7.4 together
with the pK values of the 3N complex formation. The complexes and
their parameters are sorted in the ascending order of pK values

pH7.4

3N complex Amax (NM) e(M'em™) pK + SE®
CU(H)—RHR 603 58 3.53 £0.02
Cu(n)-DHD 604 59 3.62 £ 0.02
CU(II)—DHG 603 60 3.63 £ 0.05
CU(II)—DHR 602 59 3.68 £ 0.02
CU(II)—RHG 603 61 3.75 +£0.02
CU(II)—RHD 604 69 3.77 £ 0.02
(Culn)-Ap

CU(II)—GHR 608 58 3.86 £ 0.02
Cu(u)-GHD 606 59 3.94 +0.02
Cu(n)-GHG 608 63 4.03 +0.03

“SE stands for the standard error and represents the statistical error of
pK determinations.

mation of Cu(u) complexes by Arg-containing peptides and
increases their stability. The maximum of d-d bands of 3N
Glyl complexes occurred at slightly longer wavelengths
(608-609 nm) than those for the 3N complexes of other pep-
tides (Table 2). But, no systematic dependence on the peptide
sequence was found for their molar extinction coefficients
ranging from 58 to 69 M™' ecm™".

This journal is © The Royal Society of Chemistry 2022

The formation of the second observed species, 3N + OH™,
was likely not accomplished at the highest measured pH, 11.7,
as the endpoints of the titration curves for these complexes
were not established (Fig. 2, solid symbols). Moreover, in the
case of complexes with Asp3 peptides, the d-d band still
shifted towards lower wavelengths at around pH 11.7, as given
in Fig. S3.f However, we did not continue the measurements
due to the non-Nernstian response of the employed glass elec-
trode at higher pH values. During the 3N + OH™ species ana-
lysis, we focused on spectroscopic parameters at the highest
measured pH 11.7 given in Table S1,f which mostly resemble
those of 3N + OH™ Cu(u) complexes. In addition, we followed
the pH dependence of 4,55, shifted to lower wavelengths from
the maximum of the d-d band of 3N + OH™, as the signal
derived exclusively from this species, without the contribution
of the adjacent band of 3N species, Fig. 2 (solid symbols). At
pH 11.7, the less pronounced blue shift (Table S11) and the
lowest A,75 (Fig. 2, entries DHD, GHD and RHD) were noticed
for the Asp3 peptides. In contrast, the most pronounced blue
shift (Table S1T) and the highest A,;5 (Fig. 2, entries DHR,
GHR and RHR) were observed for the Cu(u) complexes of Arg3
peptides.

To conclude, the first residue of His2 peptides primarily
affects the 3N Cu(i) complex formation, with a destabilizing
role of Glyl. On the other hand, the third residue of His2 pep-
tides mainly impacts the formation of the following 3N + OH™
complex, which Asp3 could weaken.
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Influence of the His2 peptide sequence on the electrochemical
response of the Cu(u) complexes

In our previous study on Cu(i) complexes with ABs_o (RHD),**®

we showed that the 3N chelate exhibited two redox couples:
the Cu(u)/Cu(1) reduction at —0.45 V vs. Ag/AgCl, and the Cu(u)/
Cu(m) oxidation around 1.20 V vs. Ag/AgCl at pH 7.4. We
proved that those signals are characteristic of Cu(u) bound to
His2 peptides and do not appear in the control measurements
of peptide/KNO; or Cu(m)/KNO; mixtures.*

The cyclic voltammograms of the 3N complexes of the His2
peptides obtained in this work and shown in Fig. S41 demon-
strated similar electrochemical behaviour for all the studied
analogs, but with considerable differences in the position of
the peaks. Analyzing the negative range of potentials, we
observed Cu(u) reduction in the potential range from —0.55 V
to —0.70 V, and, in the reverse scan, Cu(i) oxidation from
around —0.08 V to 0.12 V (Fig. S4At). This significant separ-
ation between the cathodic and anodic peaks suggested a slow

10 0.45 mM Cu(ll) complex of:
——DHD
——DHG
84 ——DHR
GHD
——GHG
—~ g{—06HRr
< ——RHD
2 RHG
- ——RHR
4
24
0 T T
0.8 1.0 1.2 14

E (V) vs. Ag/AgCI

Fig. 3 DPV curves obtained for the Cu(i) complexes of His2 peptides
(0.9:1.0 ratio) recorded in 100 mM KNOsz, pH 7.4.
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electron transfer, which likely results from the differences
between Cu(u) and Cu(r) complex structures and their reorgan-
ization upon the redox reactions.**”>° A more detailed ana-
lysis revealed some dependence between the positions of the
peaks of the Cu(u)/Cu(r) cycle and the His2 peptide sequence
(Fig. S5t). The lowest potential of Cu(u) reduction was regis-
tered for Aspl peptides, whereas the highest Cu(1) oxidation
potential was noticed for peptide complexes containing Argl
or/and Arg3 residues. However, in general, the differences
between the peptide complexes for the Cu(u)/Cu(i) cycle were
minor, with considerable variability among replicates.

A more pronounced effect of the peptide sequence was
observed for the Cu(u)/Cu(in) oxidation (Fig. S4Bt). In all cases,
the processes were irreversible (lack of the cathodic signal in
the reverse CV scan). Considering the character of the studied
reactions and limitations of cyclic voltammetry, e.g., lower sen-
sitivity due to the large capacitive current contribution, we
chose the pulse technique (DPV) for further studies. The DPV
results obtained for the binary systems (Cu(u)-His2 peptides)
are shown in Fig. 3, and the potential values are given in
Table 3.

The presence of Glyl increased the Cu(u) oxidation poten-
tial (Ecu(m)cuam) by 0.03-0.05 V (Fig. 3 and Table 3) compared
to the complex of the maternal RHD sequence of Afso
(Ecugnycumy = 1.20 V). Conversely, the lowest Ecuqanycum Of
1.18 V was determined for Cu(u)-RHG. Such a decrease in the
Cu(u) oxidation potential for the Argl peptide could be caused
by electrostatic interactions with 8-donor groups, which stabil-
ize the Cu(m) state. This is in line with the results reported for
the Cu(u) complexes of His3 peptides containing Lys resi-
dues.*® The Cu(n) oxidation potential values in the presence of
other His2 peptide complexes were similar, in the range of
1.19-1.20 V (Table 3). Additionally, we studied the possible
impact of the charge of the complex on its redox properties. A
more negative complex charge could favor the electron release
and decrease of the potential value of metal center oxidation.

Table 3 Oxidation peak potential (Ecuqy/cuan) average values for binary Cu(i)—His2 peptide complexes and ternary Cu(i)—His2 peptide/anion
systems at pH 7.4 determined from the DPV curves depicted in Fig. 3, Fig. $6,1 and literature data'®

Ecuarycu) (V) vs. Ag/AgCl + SD*

Ternary system Cu(u)-His2 peptide/anion

Binary system

His2 peptide Cu(u)-His2 peptide H,PO, /HPO,*~ CH;C00™ S0, cl-

RHG 1.180 + 0.005 0.987 +0.015 1.096 + 0.003 1.184 + 0.003 1.180 + 0.001
RHR 1.191 + 0.003 0.996 + 0.005 1.107 + 0.003 1.175 + 0.001 1.179 + 0.001
DHR 1.204 + 0.005 1.040 + 0.003 1.120 + 0.006 1.194 + 0.003 1.196 + 0.001
DHG 1.187 + 0.003 1.048 + 0.003 1.100 * 0.001 1.180 + 0.001 1.184 + 0.001
RHD'® 1.204 + 0.005 1.056 + 0.006 1.120 + 0.004 1.196 + 0.004 1.204 + 0.002
(APs-s)

DHD 1.203 + 0.003 1.088 + 0.007 1.119 + 0.003 1.194 + 0.004 1.199 + 0.002
GHG 1.245 + 0.003 1.087 + 0.003 1.178 + 0.003 1.237 + 0.003 1.237 £ 0.001
GHR 1.253 + 0.003 1.112 + 0.003 1.191 + 0.003 1.231 + 0.003 1.239 + 0.003
GHD 1.231 + 0.004 1.113 + 0.003 1.181 + 0.003 1.227 + 0.003 1.231 £ 0.001

“ Ecu(ycuam values calculated as the mean of three independent repetitions together with the standard deviation (SD) for binary and ternary
Cu(u)-His2 peptide/phosphate systems. The values for other ternary systems are given for comparison and are based on at least two independent

repetitions.
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However, such an effect was not observed. For example, the
[Cu(un)-DHD]" complex underwent Cu(m)/Cu(m) oxidation at a
potential similar to that of the most positively charged [Cu(u)-
RHR]** chelate.

Another factor that could impact the Cu(u) oxidation is the
size of the first and the third residues. Indeed, we noticed
some tendencies for peptides containing Gly, the smallest
residue in the studied peptides. However, those effects were
contrasting for the first and the third positions. While Gly3
facilitates Cu(n) oxidation (the lowest Ecyqycur) for RHG and
DHG, Table 3), Glyl hinders this process (the highest
Ecunycua for GHR, GHG, and GHD, Table 3). Interestingly,
the GHG peptide belongs to the second group, whose com-
plexes exhibit the highest oxidation potential values indicating
that the effects of Gly1 prevail over those of Gly3. On the other
hand, the Cu(u) oxidation in the Cu(u) complex of FHFSKNR-
NH, (FHF), the peptide with bulky Phe1l and Phe3 residues,
was reported at around 1.25 V vs. Ag/AgCl, a very similar
Ecuny/cuam to that observed by us for the GHG complex.'”
Other data refer to complexes of His2 peptides, which contain
a redox-active Trp residue. Its oxidation potential peak is very
close to the Cu(u) oxidation peak of Cu(u)-His2 peptides.'”*!
In consequence, the analysis of such data is challenging.
However, the observed order of these peptides toward higher
oxidation potentials, FHW ~ WHF < WHW < FHF," agrees
with the general conclusion of our studies that there is no
single specific feature of His2 peptides which defines the sus-
ceptibility to Cu(u) oxidation of their complexes. Instead, the
particular positions of the acidic/basic/small/bulk residues
and their combination in the proximity of His2 seem vital for
this process.

Effect of anions on Cu(u) oxidation in complexes of the His2
peptides

Next, we introduced anions into the above-described Cu(u)-
His2 peptide systems. Our recent studies showed that phos-
phate only slightly impacts the UV-vis spectra of 3N complexes.
In contrast, the electrochemical signals were much more
affected by anion addition."®*> We have found that DPV is a
particularly promising technique in the studies on weak but
physiologically relevant interactions between metal-peptide
complexes and anions.'®** Therefore, we also chose DPV in
this work to check how the amino acid sequence of the His2
peptides affects the phosphate recognition by their Cu(ir) com-
plexes. DPV measurements were performed at pH 7.4, which
ensures 3N coordination mode with a vacancy in the equatorial
site for the Cu(u) complexes of all the studied His2 peptides as
demonstrated by the above-described spectroscopic studies.
The DPV curves of the Cu(n)-His2 peptide complexes in the
presence of environmentally and biologically relevant anions
are depicted in the ESI,T Fig. S6. The Cu(u) oxidation potential
values for the binary Cu(u)-peptide and ternary Cu(u)-peptide/
anion systems are provided in Table 3. The column chart pre-
senting the differences in the Cu(u) oxidation potential values
between the ternary and the binary systems (AE) is given in
Fig. 4.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Differences between the Cu(i) oxidation potential values in
ternary Cu(i)—His2 peptide/anion and binary Cu(i)—His2 peptide systems
(AE) calculated on the basis of the results shown in Table 3, Fig. S6,1 and
the literature data.'®

Chloride and sulfate anions only slightly affected the redox
properties of all the studied Cu(u)-His2 peptide complexes. It
is in line with our previous observations.'® Distinct changes in
the voltammetric curves were observed in the presence of
acetate or phosphate anions, i.e., the oxidation peak corres-
ponding to the Cu(u)/Cu(m) process for ternary Cu(u)-His2
peptide/phosphate or Cu(u)-His2 peptide/acetate systems
occurred at lower potentials than that of the respective binary
Cu(u)-His2 peptide complex. Furthermore, the voltammetric
signals obtained for chelates in the mixture of all the studied
anions (Fig. S6,1 dotted violet lines) resembled those recorded
for the ternary Cu(u)-His2 peptide/phosphate system (Fig. S6,}
solid violet lines). The only exception is Cu(u)-DHD, with very
similar responses to phosphates and acetates, and in conse-
quence, to the mixture of anions (Fig. S6T). Nevertheless, these
results demonstrated the high selectivity of electrochemical
phosphate recognition by Cu(u) complexes of most of the
investigated His2 peptides.

The greatest shift of the Cu(u)/Cu(ur) peak (the highest AE
value) was observed after the phosphate addition to the Cu(u)
complexes of RHG and RHR, the Argl peptides without the
Asp residue (Fig. 4, the detailed values are listed in Table 3).
This result can be explained by the favorable high positive
charge of those chelates, [Cu(n) — RHG]"" and [Cu(u) — RHR]*",
and the presence of the Argl residue in the closest neighbor-
hood to the groups directly engaged in the Cu(u) coordination.
In contrast, minor changes of the Cu(u) oxidation signal in the
presence of anionic species were noticed for GHD, but particu-
larly for DHD (Fig. 4). As mentioned, the Cu(u)/Cu(u) oxidation
peaks for Cu(u)-DHD appeared relatively close to each other in
the presence of acetate and phosphate anions (see Table 3).
This revealed a worse selectivity of Cu(u)-DHD towards phos-
phates, likely caused by the lower complex charge [Cu(u) —
DHD]" provided by deprotonated Asp residues, and thus
weaker electrostatic interactions between the Cu(u)-DHD and
the anions.
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Our studies are limited to the His2 peptides, in which the
first and the third positions are occupied by three representa-
tive residues, Arg, Asp, and Gly. However, one could expect
that the selectivity of Cu(u) complexes of peptides containing
other negatively charged residues, such as Glu, would be
similar to those containing Asp, which is insufficient for a
good phosphate receptor. Alternatively, Lys-containing pep-
tides could provide advantageous features like those observed
for positively-charged Arg analogs. Furthermore, elongation of
the aliphatic side chain (as for Ile/Leu) and incorporation of
uncharged polar residues (such as Ser/Thr/Asn/Gln) could
have an effect as well; the former likely by the stabilization of
the Cu(u)-peptide complex structure and as a steric hindrance
during the ternary interaction; whereas the latter by the for-
mation of hydrogen bonds between the side chain and the
phosphate molecule.*” Therefore, in our next projects, we
would also like to check other sequences based on the above
consideration to improve further the receptor properties of Cu
(u)-His2 peptides towards phosphates.

Chemometric modeling of voltammetric data for peptide
recognition

The results presented above demonstrated that the changes in
the His2 peptide sequence affect the Cu(u) oxidation potential
of both systems, the binary Cu(u)-His2 peptide and the ternary
Cu(n)-His2 peptide/phosphate. Therefore, we combined these
values for all the studied complexes in Fig. 5. This analysis pro-
vided a clear formation of three groups (clusters) of His2 pep-
tides, depending on their sequence. The first group contained
the Glyl peptides, and it was characterized by the highest
values of Cu(u) oxidation potential in both systems. The
second group gathered the peptides with Asp residues but
without Glyl1. The third cluster consists of the Argl peptides
without Asp, exhibiting the lowest Cu(u) oxidation potential.
Accordingly, we showed that the electrochemical properties of

7 ™
£ 1124 /6 GHQR_‘
8 { o
o \ GHG /
>
o %% pbHD \\ go /
B 1.08- ) —
8 RHD
£ .
5 1.04-
E)
3 1.00 RAR
§
O
w
0.96 . . . . T
116 118 120 122 124 126

Ecumycuan (V) for binary system

Fig. 5 Cu(n) oxidation potential for binary systems of Cu(i)—His2
peptide and ternary systems of Cu(i)-His2 peptide/phosphate. The
Ecuan/cuany values are given for three independent DPV repetitions for
each His2 peptide and the following concentrations of reagents:
0.45 mM Cu(n), 0.50 mM His2 peptide, and 10 mM phosphate.
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Cu(u) complexes of His2 peptides could be employed not only
for the recognition of phosphate species but also to dis-
tinguish the types of residues in the proximity of His2 in the
peptide sequence.

Since the obtained voltammetric data carry much more
information than the Cu(u) oxidation potential, we decided to
employ chemometric modeling in the follow-up studies on the
voltammetric detection systems for identifying His2 peptides.
The application of chemometric methods for voltammetric data
processing allowed us to track signal changes observed for
various peptide complexes in the entire voltammograms (i.e.,
intensity, signal location, and shape of the observed signals).
First, we applied Principal Component Analysis (PCA), aiming
to reduce the dimensionality of large data sets by determining
new variables (PCs, Principal Components), which are a linear
combination of original variables and order the variance con-
tained in the data. Thus, one could assess the initial patterns in
the data by analyzing the so-called score plot. Such visualization
on a two- or three-dimensional graph leads to grouping objects
with similar properties. To determine which variables of the
original data are the most significant for the discrimination of
the samples, one could also use loading plots, where the higher
the absolute value of loading, the higher the contribution of the
original variable in the given PC.**?*

Another chemometric model used for sample (dis)similarity
evaluation is Hierarchical Cluster Analysis (HCA). In this
method, the most similar objects are linked together on the
dendrogram, and the length of its branches is a measure of
(dis)similarity between samples, i.e., the shorter the branches
in the dendrogram linking the specified objects, the higher
the similarity of the objects.*

We tested three different sets of DPV data registered for (i)
the binary Cu(u)-His2 peptide complex; (ii) the ternary Cu(u)-
His2 peptide/phosphate system; (iii) the data fusion of Cu(u)-
His2 peptide + Cu(u)-His2 peptide/phosphate. In all cases, the
information contained in the first two PCs allowed us to assess
the possibility of distinguishing His2 peptides based on the
interactions of the peptide with Cu(u) and of the Cu(u)-peptide
complex with phosphate anions. The resulting score plots are
depicted in Fig. 6, the corresponding loading plots are pre-
sented in Fig. S7 and S8, and the hierarchical cluster analysis
is given in Fig. S9.t

First, we examined the ability of His2 peptide recognition
when employing only the data registered for their binary Cu(u)
complexes (Fig. 6A). The samples representing each His2
peptide formed separated clusters, with little overlap of RHR
and RHD, as well as DHR and DHD (also confirmed by HCA,
see Fig. S9At). The cluster positions in the PCA space primarily
depend on the first residue of His2 peptides. The most easily
recognized ones were Glyl analogs, characterized by positive
scores on PC1. At the same time, peptides containing Asp1 and
Argl residues exhibited negative PC1 scores. As provided in
Fig. S7A,1 the highest value of the PC1 loading was noticed
around the maximum of the Cu(u) oxidation peak. As such, the
variation in Ecyqpcumy values contributes the most to the
peptide grouping against PC1. Interestingly, the distinction

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Principal component analysis (PCA) score plots showing the dis-
crimination of the His2 peptides depending on the origin of voltam-
metric data. (A) Binary system Cu(i)—His2 peptide, (B) ternary system Cu
(—His2 peptide/phosphate, and (C) data fusion (upon the combination
of data from binary and ternary systems).

between Argl and Asp1 peptides with similar Ecyqrycuqm values
is provided by the information included in PC2, with PC2 > 0
for Argl and PC2 < 0 for Aspl peptides. A similar pattern was
observed for Glyl peptides with Arg3 (PC2 > 0) or Asp3 (PC2 <
0). In those cases, the differences in the shape of voltammetric
curves, including the position of inflection points, likely separ-
ated those groups (see loadings on PC2 in Fig. S7BY).

In the next step, we checked how the presence of phosphate
anions impacts the peptide recognition based on the oxidation

This journal is © The Royal Society of Chemistry 2022
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signals of the Cu(u) complexes. As presented in Fig. 6B, in this
case, Argl peptides without the Asp residue were the most
easily discerned, exhibiting PC1 < —0.5. Once again, PC1
carries information related to the position of the Cu(u) oxi-
dation signal, as suggested by the loadings on PC1 in
Fig. S7C,T but with a higher contribution of other peak attri-
butes than that noticed in the case of the binary system (for
comparison see Fig. S7At). The presence of Asp in the
sequence, either in the first or third position, seems to be
related to a higher degree of cluster overlap in the case of the
ternary system. The RHD peptide clustered in the close proxi-
mity of DHR, whereas DHD groups alongside GHD close to
GHG (also confirmed by HCA, see Fig. S9Bt).

Since the results presented above suggested that both
approaches likely provided additional complementary infor-
mation (better discrimination of different peptides), we finally
performed a fusion of DPV data obtained for Cu(u)-His2
peptide and Cu(u)-His2 peptide/phosphate systems. In line
with the previous cases, the position of the Cu(u) oxidation
peaks impacts mostly PC1, as confirmed by loadings in
Fig. S8A.T More changes were noticed in the loadings on PC2
(Fig. S8BY), suggesting that other parts of the voltammetric
curves affect the grouping of the peptides against PC2 for data
fusion compared to that for binary and ternary systems separ-
ately. By analyzing Fig. 6C, it is evident that this approach
resulted in a better separation of the His2 peptides (a smaller
degree of cluster overlap). Each investigated peptide was the
most easily recognized compared to the previous cases. Only
objects representing RHD and DHR overlapped, which is inter-
esting considering that they contain the same residues in the
proximity of His2, but at different positions. Similar con-
clusions were derived from the HCA given in Fig. S9C.f
However, employing a different approach for the HCA analysis,
the clustering based on current values, allowed us to discrimi-
nate the RHD and DHR sequences (see Fig. S9Dt).

Thus, we showed that the analysis of voltammetric data for
Cu(u) complexes of His2 peptides provides a solid foundation
for the development of voltammetric detection systems
employing chemometric analysis for the recognition of
peptide sequences. As described at the end of previous sec-
tions, one could expect that additional features of side chains
could prevail for other peptides in the binary and ternary
systems. For example, the introduction of the redox-active resi-
dues (i.e. Tyr, Trp, and Met) would generate an additional
signal on the voltammetric curves, more bulky side chains
could alter the stability of binary complexes, and the exchange
of negatively charged Asp residues to uncharged polar Asn resi-
dues could change the electrochemical response to phos-
phates. Moreover, different patterns of the electrochemical
signals can be obtained by tuning the structure/environment
of the coordination site, leading to the discrimination of
various sets of samples. One could also utilize the fusion of
data from different experimental conditions and/or variously
modified electrodes to considerably improve the peptide
sequence identification by means of an electronic tongue-
sensing strategy.
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Conclusions

The results obtained in this work showed the high potential of
voltammetric methods in both recognition of phosphate
species using a novel class of peptide-based receptors (Cu(u)
complexes of His2 peptides) and the discrimination of His2
peptide sequences based on the Cu(u) oxidation signals of
their complexes.

We demonstrated that the type of His2 adjacent residue
influenced the formation of Cu(u) complexes studied by UV-vis
spectroscopy, as well as their redox activity investigated by
voltammetric techniques, CV and DPV. The most notable
changes among the His2 peptides were observed in the
oxidation signals of their Cu(i) complexes. Due to the typically
high Cu(u) oxidation values for His2 peptide complexes at
PH 7.4, this reaction is believed to be of negligible importance
for biological processes. However, we believe that our research
will draw attention to its high potential as a source of analyti-
cal signal in various sensing applications.

The Cu(u) oxidation potential varied among the Cu(u)-His2
peptide chelates upon the addition of the anions. The most
promising results were obtained for the Cu(u) complexes of the
Argl analogs without the Asp residue, which exhibit the
highest selectivity towards phosphates. Moreover, the analysis
of voltammetric data, including chemometric modeling of the
DPV curves of the copper complexes with and without phos-
phate anions, showed that these measurements could also be
employed to recognize His2 peptide sequences. The results
presented in this article for the first time disclose that such
similar peptide analogs can be distinguished using voltamme-
try coupled with chemometrics.

The variety of peptide sequences is, however, much wider
than that of His2 peptides. Even the family of Ap peptides pro-
vides a vast diversity of redox properties of their copper com-
plexes, which could be applied to discriminate peptides or
other biomolecules. Besides this, one could employ other
redox active metal centers and change the pattern of the
obtained results. Therefore, taking into account the sensitivity
of the electrochemical methods to minor changes in the
environment of the redox center, we believe that our work
gives a fresh perspective on studies on metal-peptide com-
plexes and their potential applications.
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