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STRESZCZENIE

Kapsydy wirusowe zdefiniowa¢ mozna jako naturalne biatkowe nanokontenery. Mate rozmiary,
stosunkowo prosta budowa, w przypadku wiruséw roslinnych brak wtasciwosci patogennych wobec
organizmu ludzkiego, to cechy umozliwiajgce ich wykorzystanie jako bezpiecznych nosnikéw
biologicznie aktywnych substancji, takze tych stosowanych w medycynie. Niniejsza praca poswiecona
zostata zagadnieniom dotyczgcym wykorzystania wirusa mozaiki stoktosy (BMV) do otrzymywania

czastek wirusopodobnych (VLP) oraz ich zastosowania jako no$nikdw nanoczgstek.

Pierwszy etap prac polegat na stworzeniu i optymalizacji nowej metody otrzymywania natywnego
BMV. Opracowana metoda bazowata na technikach chromatograficznych i pozwalata catkowicie
poming¢ czasochtonny proces ultrawirowania, wczesniej standardowo stosowany w tego typu
procedurach. Ocena jakosci czgstek wirusowych uzyskanych nowg metoda obejmowata pomiary
wielkos$ci wiriondw oraz analize struktury Il-rzedowej biatek kapsydowych (CP). Uzyskane tg drogag
informacje potwierdzity wysokg jakos¢ otrzymanych preparatow i stanowity podstawe do dalszych prac

zmierzajgcych do wykorzystania kapsydéw BMV jako nosnikdéw nanoczastek.

Kolejny etap badan koncentrowat sie wokdt zagadnien dotyczacych uzycia uzyskanych wirionéw do
enkapsydacji nanoczastek tlenku zelaza. Nanoczastki funkcjonalizowane byty poli(tlenkiem etylenu)
oraz diheksadecylofosoforanem (DHP) w celu wprowadzenia na ich powierzchnie ujemnego tadunku.
Uznalismy, iz zabieg ten jest konieczny, by wymusi¢ tworzenie kapsydéw wokét nanoczastek. Prace
zakonczono sukcesem, czyli otrzymaniem VLP z magnetycznym rdzeniem. Ponadto stwierdzilismy, ze
w procesie sktadania VLP bardzo istotng role petni zaréwno tadunek na powierzchni enkapsydowanej

czastki, jak i struktura zwigzku uzytego do jej funkcjonalizacji.

Celem ostatniego etapu badan bylo otrzymanie i scharakteryzowanie VLP utworzonych ze
zrekombinowanych CP wyprodukowanych w bakteryjnym systemie ekspresyjnym. Dodatkowo
postanowiliSmy stwierdzi¢ jaki wptyw na wtasciwosci VLP wywiera struktura zawartego w niej
polianionu (ustrukturyzowanego tRNA i nieustrukturyzowanego siarczanu polistyrenu (PSS)) oraz
mutacje wprowadzone do CP. Uzyskane wyniki ujawnity istotny wptyw polianionu oraz oddziatywan

CP-CP na trwatos¢ i strukture VLP.



ABSTRACT

Viral capsids can be defined as natural protein nanocontainers. Small size, relatively simple structure,
and in case of plant viruses no pathogenic properties for humans, these are the features that enable
their use as safe carriers of biologically active substances, also those used in medicine. This paper is
devoted to the issues related to the use of Brome mosaic virus (BMV) for the preparation of virus-like

particles (VLP) and their use as carriers of nanoparticles.

The first stage of work was to create and optimize a new method of obtaining native BMV. The
developed method was based on chromatographic techniques and allowed to completely omit the
time-consuming ultracentrifugation process, previously standardized in such procedures. The
evaluation of the quality of viral particles obtained with the new method included the measurements
of virion size and the analysis of the second-order structure of capsid proteins (CP). The information
obtained this way confirmed the high quality of the received preparations and formed the basis for

further work aimed at using BMV capsids as carriers for nanoparticles.

The next stage of research focused on the issues related to the use of the obtained virions for the
encapsidation of iron oxide nanoparticles. The nanoparticles were functionalized with poly (ethylene
oxide) and dihexadecylphosphate (DHP) in order to introduce a negative charge to their surface. We
decided that this procedure was necessary for the formation of capsids around nanoparticles. The work
was successfully completed, i.e. obtaining a VLP with a magnetic core. Moreover, we found that both
the charge on the surface of the encapsidated particle and the structure of the compound used for its

functionalisation, play a very important role in the process of VLP assembly.

The aim of the last stage of the research was to obtain and characterize VLPs made from recombinant
CPs produced in a bacterial expression system. In addition, we decided to find out what influence the
structure of the polyanion (structured tRNA and unstructured polystyrene sulfonate (PSS)) and the
mutations introduced into the CP have on the properties of the VLP. The obtained results revealed a

significant influence of the polyanion and CP-CP interactions on the durability and structure of the VLP.



1. WPROWADZENIE

Nanotechnologia jest stosunkowo nowg, dynamicznie rozwijajgcy sie dziedzing, ktérej zdobycze sg
coraz szerzej stosowane miedzy innymi w medycynie i biotechnologiil. W ostatnich latach opracowano
rézne rodzaje nanoczastek mogacych stuzy¢ jako leki, markery diagnostyczne, czy szczepionki. Bardzo
waznym zagadnieniem bezposrednio zwigzanym z praktycznym wykorzystaniem nanoczastek jest
znalezienie odpowiedniego systemu do ich transportu. Jego podstawowg funkcjg jest ochrona
transportowanych zwigzkédw przed degradacja spowodowang niespecyficznym metabolizmem,
neutralizacjg przez uktad immunologiczny lub przedwczesnym wydaleniem z organizmu?. Dodatkowo,
nosniki takie powinny umozliwia¢ dostarczenie transportowanych czastek do docelowych komarek,
np. nowotworowych. Co wiecej, w przypadku zastosowan medycznych, nosniki nie mogg by¢ toksyczne
dla organizmu pacjenta. Powinny stosunkowo tatwo ulega¢ degradacji, tak by nie tworzy¢ ztogéw
mogacych byé potencjalnym Zrédtem stanéw zapalnych2. Niebagatelne znaczenie ma tez sprawny i
stosunkowo prosty mechanizm zatadunku i roztadunku substancji czynnej. Aby sprosta¢ powyzszym
wymaganiom bada sie dzi$ wiele réznych typow nosnikéw. Sg wsrdd nich miedzy innymi: nanorurki
weglowe, liposomy, dendrymery, czy micele polimerowe. Jednymi z najbardziej obiecujgcych typéw
nosnikéw wydajg sie byé czastki bazujgce na wirusach. Zasadniczo mozna wyrdzni¢ dwa typy takich
czastek. W szerszym ujeciu mamy do czynienia z nanoczgstkami wirusowymi (VNP). Pojecie to
obejmuje zmodyfikowane wirusy, np. poprzez modyfikacje kapsydu, zmiany w genomie lub dotgczenie
dodatkowej czasteczki. Kluczowym elementem dla wyrdznienia VNP jest to, ze materiat genetyczny
wirusa pozostaje elementem tej nanoczastki. Drugim typem sg czgstki wirusopodobne (virus-like
particles, VLP). Sa to czastki zbudowane z biatek kapsydu (CP) wirusa, ktére w odréznieniu od czgstek
wirusowych pozbawione sg wirusowego materiatu genetycznego. Mimo, ze w teorii rozréznienie VLP i
VNP jest stosunkowo proste, w dostepnej literaturze pojecia te nierzadko na siebie nachodza.

1345 Obecnie

Potencjalne mozliwosci zastosowania czgstek bazujgcych na wirusach sg ogromne
prowadzone badania skupiajg sie na skonstruowaniu VLP petnigcych funkcje szczepionek, nosnikéw
lekéw, odczynnikéw do obrazowania, terapeutykéw bazujgcych na kwasach nukleinowych, czy
rusztowan dla inzynierii tkankowej’. Jedng ze szczepionek uzytych w walce z wirusem SARS CoV2 jest
preparat firmy AstraZeneca, w ktérym jako wektor wykorzystany jest zmodyfikowany adenowirus®.
Jest to szczepionka wektorowa, jednak jedne z pierwszych prob stworzenia szczepionki przeciw
koronawirusom byty prowadzone juz na poczatku lat 2000 z wykorzystaniem VLP’. Uzyty przez badaczy
system bakulowirusowy stuzyt do wytworzenia VLP ztozonego z biatek M, E i S koronawirusa’.

Ekspozycja tego ostatniego biatka na powierzchni VLP, stanowita podstawe do prowadzenia dalszych

badai majacych na celu opracowanie szczepionki’. Wedtug danych WHO, obecnie trwaja prace nad



piecioma réznymi typami szczepionek przeciw COVID ktdrych podstawg sg VLP8. Przyktadowo, grupie
badaczy z Chin udato sie stworzyé VLP ztozone z rekombinowanych biatek M i E SARS CoV, ktére zostaty
wyprodukowane w ssaczym systemie ekspresyjnym, a ktérego wykorzystanie pozwolito biatkom
zachowac witasciwy schemat glikozylacji, co ma kluczowe znaczenie w rozpoznaniu antygenu przez
uktad odpornoéciowy cztowieka®. Rdwniez wirusowe zapalenie watroby typu B (WZWB) jest chorobg
przeciwko ktdrej intensywnie pracuje sie nad szczepionka opartg o VLP. Wg danych WHO w roku 2019
na Swiecie zyto ok 296 milionéw ludzi z przewlektg odmiang WZWB, z czego ok. 820 000 os6b zmarto z
jej powodu®®. W ciggu trzech ostatnich dziesiecioleci prowadzono prace nad 3 generacjami szczepionek
bazujgcych na VLP, skierowanych przeciwko wirusowi zapalenia watroby typu B (HBV). Pierwsza
generacja szczepionki byta oparta na VLP wyizolowanych z krwi zakazonych pacjentéw. Druga
bazowata na VLP ztozonych z biatka antygenu powierzchniowego HBV (HBsAg), ktére otrzymano w
drozdzowym systemie ekspresyjnym®!, Szczepionka trzeciej generacji, ktérej przedstawicielem jest
produkt Sci-B-Vac®, opiera sie na VLP prezentujgcym 3 antygeny HBV. Biatka uzyte w Sci-B-Vac® zostaty
uzyskane w systemie ekspresyjnym komdrek jajnika chomika chiriskiego (CHO)*?. Uzycie 3 antygendw
w jednej czasteczce VLP skutkuje zwiekszong immunogennoscig szczepionki, w efekcie czego istnieje
mozliwo$¢ obnizenia stezenia podawanych dawek!!. VLP wykorzystywane s3 takze w badaniach nad
stworzeniem szczepionek m. in. przeciwko wirusom: Ebola®3, HPV!*, malarii*, czy grypy®. Co wiecej
niektére badania zaowocowaty juz komercyjnie dostepng szczepionkg. Ws$rdd nich, oprdcz
wspomnianej wyzej Sci-B-Vac®, s m.in. Gardasil-9® i Cervarix® (przeciwko wirusowi brodawczaka
ludzkiego (HPV)), Hecolin® (przeciwko wirusowemu zapaleniu watroby typu E), czy Mosquirix™
(przeciwko malarii)*2.

Szczepionki dziatajace na bazie wirusow sg takze przedmiotem badan pod katem uzycia ich w terapiach
przeciwnowotworowych. W 2015 roku amerykariska Agencja Zywnosci i Lekéw (FDA) dopuscita do
uzytku nakierowany na czerniaka produkt o nazwie Talimogen laherparepwek (T-VEC), ktérego
podstawe stanowi wirus onkolityczny — atenuowany wirus opryszczki typu 1 (HSV 1)¥. Zasada
funkcjonowania wiruséw onkolitycznych jest ich selektywna replikacja w komérkach nowotworowych.
Prowadzi ona do lizy tych komérek, i uwolnienia antygendéw przeciwnowotworowych. Réwniez na polu
terapii antynowotworowych trwajg prace eksperymentalne nad szczepionka opartg o VLP. Badacze z
Niemiec bazujgc na mysim modelu, wykorzystali rekombinowanego wirusa odry w walce z
przerzutami'’. Wspomniany wirus odry zawierat wewnatrz kapsydu kasete ekspresyjng z sekwencja
kodujgca biatka gag oraz antygeny TAA. Prezentacja antygendw TAA umieszczonych na VLP prowadzita
do indukcji humoralnej odpowiedzi immunologicznej’. Innym przyktadem uzycia VLP, s badania nad
zastosowaniem ich w walce z rakiem piersi, jajnika, ptuc czy jelita grubego. W tych badaniach,
prowadzonych na mysich modelach, wykorzystywano puste VLP bazujgce na wirusie mozaiki wspiegi

chinskiej (CPMV). W modelu raka ptuc, pusty kapsyd CPMV aplikowano myszom poprzez inhalacje. W



efekcie, aktywowane byty m.in. neutrofile, co w konsekwencji prowadzito do produkcji cytokin i
chemokin, ktére dalej indukowaty reakcje antynowotworowg'®. W przypadku badai dotyczacych
modeli czerniaka i raja jajnika pusty kapsyd CPMV byt aplikowany przez bezposrednie zastrzyki do guza.
Réwniez w tym przypadku efektem takiej terapii byta indukcja odpowiedzi antynowotworowej»28,
Badacze sugerujg, ze do wzbudzenia odpowiedzi immunologicznej doszto w odpowiedzi na wzorzec
molekularny zwigzany z patogenem (PAMP), ktdry zawarty jest w strukturze wirusowego kapsydu®®.
Wyniki tych badan sg o tyle ciekawe, ze uzyty pusty kapsyd wirusa CPMV nie byt w zaden sposéb
modyfikowany.

Badania nad zastosowaniem VLP sg takze prowadzone pod katem transportu lekéw. Przyktadowo,
kapsyd bakteriofaga MS2, ktéry zostat zmodyfikowany poprzez dodanie peptydu kierujgcego SP94,
testowany byt jako nosnik antynowotworowych zwigzkéw, takich jak: doksorubicyna (DOX), cisplatyna
czy fluorouracyl (5-FU)¥. Wprowadzenie peptydu SP94 miato na celu umozliwienie selektywnego
whnikania VLP do komérek raka watrobokomérkowego (HCC). Wyniki testow wykazaty 20 razy wyzsza
skutecznosé antynowotworowg DOX transportowanej przez VLP w poréwnaniu do DOX bez noénika®.
Uzycie VLP bada sie takze w kontekscie zastosowania ich w terapii m. in. choréb Parkinsona?,
Alzheimera?!, czy zakazenia syncytialnym wirusem oddechowym (RSV)%.

VLP mogg znalezé zastosowanie rowniez w diagnostyce jako transportery zwigzkéw uzywanych w
obrazowaniu z wykorzystaniem magnetycznego rezonansu jgdrowego (NMR), czy pozytonowej
tomografii emisyjnej (PET).. Pierwiastkiem bedgcym podstawa wiekszosci zwigzkédw kontrastowych
uzywanych w rezonansie magnetycznym (MRI) jest gadolin (Gd). Niestety, jest on toksyczny dla
cztowieka i moze odktadac sie w narzagdach wewnetrznych. W odpowiedzi na ten problem, grupa
badaczy analizowata mozliwos¢ wykorzystania wirusa wirus chlorotycznej plamistosci wspiegi (CCMV),
jako nosnika dla Gd*3. Jego uiycie skutkowatoby zmniejszeniem toksycznosci przez izolacje Gd
wewnatrz kapsydu oraz skrécenie czasu przebywania tego pierwiastka w organizmie pacjenta. Wyniki
badan prowadzonych dla réznych VLP pokazujg, ze charakteryzujg sie one stosunkowo krétkim czasem
péttrwania organizmie, liczonym nawet w minutach??*2%, Dla poréwnania, no$niki, ktére stworzone
sg z syntetycznych materiatéw moga pozostawaé w ciele pacjenta nawet przez kilka miesiecy?*?’.
Czastki bazujace na wirusach znajdujg zastosowanie nie tylko w medycynie, ale takze w biotechnologii.
Jedng z technik, w ktdrych sie je wykorzystuje jest metoda phage display. Polega ona na wprowadzeniu
do genomu bakteriofaga sekwencji kodujgcej pozadane biatko. Podczas kolejnych cykléw
replikacyjnych wirusa, wprowadzone biatko ulega translacji i ekspozycji na powierzchni kapsydu, dzieki
czemu jego detekcja jest utatwiona. Metoda ta z powodzeniem znajduje zastosowanie w poszukiwaniu
biatek i peptydéw wigzgcych m. in. antygeny nowotworowe?®%, VLP wykorzystywane sg rowniez jako
elementy sktadowe biosensoréw?. Przyktadem moga by¢ VLP utworzone z biatka kapsydu cirkowirusa

Swin typu 3 (PCV3), ktdre mogg znalez¢ zastosowanie w diagnostyce oparte]j o test ELISA. Metode t3



wykorzystuje sie w celu detekcji przeciwciat anty-PCV3 w $wiriskiej surowicy>’. Kapsydy wirusdw uzywa
sie takze w testach diagnostycznych, gdzie petnig role ostonki dla kwasu nukleinowego bedgcego
prébka kontrolnal. Kapsyd bakteriofaga MS2 chroni fragment genu gag ludzkiego wirusa niedoboru
odpornosci typu pierwszego (HIV-1), stanowigcy kontrole pozytywng w testach na obecnos¢ wirusa
HIV3L, Podobng strategie obrano w przypadku prac nad testem do wykrywania enterowirusa (EV71)%.
VLP znajdujg tez zastosowanie w badaniach nad nanoreaktorami. Idea nanoreaktoréw polega na
zamknieciu enzymu we wnetrzu VLP. Dzieki temu jest on odporny na degradacje. Co wiecej, rozmiary
porow w kapsydzie umozliwiajg w miare swobodny przeptyw substratéw i produktéw reakcji
katalizowanej przez zamkniety wewnatrz enzym. W efekcie, cata reakcja moze przebiegac z wiekszg
wydajnoscig®. Przyktadem takiej struktury moze byé kapsyd wirusa CCMV zawierajgcy w swoim
wnetrzu lipaze B z gatunku Candida antarctica®*. Niektdre nanoreaktory moga pomiescié¢ wieksza liczbe
biatek. VLP uzyskane na bazie bakteriofaga P22 zostaty uzyte do zapakowania 3 enzymdéw biorgcych
udziat w metabolizmie laktozy®>.

VLP wykorzystywane s3 takze w technikach agrarnych. VLP stworzone na bazie wirusa nekrotycznej
mozaiki koniczyny czerwonej (RCNMV) byty badane jako nosniki dostarczajgce do ziemi uprawne;j
insektycyd — abamektyne, stosowang w celu zwalczania zerujgcych na roslinach uprawnych nicieni.
Wykazano, ze abamektyna umieszczona we wnetrzu VLP charakteryzowata sie wieksza skutecznoscia
niz insektycyd w formie wolnej.

Zdolnos¢ wirusowych kapsydow do samosktadania moze byé wykorzystana réwniez w rozwoju
energetyki: do pobierania, gromadzenia i transferu energii. Wirusy takie jak wirus mozaiki tytoniu
(TMV) i bakteriofag M13 dodatkowo posiadajg zdolno$¢ do tworzenia dtugich, helikalnych struktur,
ktére moga by¢ uzyte np. przy konstruowaniu nanokabli®”-*, Same nanokable znajdujg zastosowanie
przy tworzeniu urzadzer takich jak tranzystory®, lasery®, baterie®, czy mikromanipulatory uzywane
w mikroskopii TEM*. Jednak wykorzystanie biatek kapsydéw wirusowych jako dodatkowego elementu
biologicznego w procesie ich tworzenia, moze mie¢ szereg pozytywnych implikacji, takich jak choéby
zwiekszenie kontroli nad procesem powstawania nanokabli (w tym ich rozmiaréw), zwiekszenie
stabilnos$ci w szerokim spektrum pH oraz tatwa skalowalno$¢ produkcji®#*®. Wykorzystanie biatek
kapsyddéw wirusowych przy tworzeniu nanokabli jest w poczatkowej fazie rozwoju, jednak wydaje sie,
Ze ta gataz inzynierii bedzie sie bardzo szybko rozwijac.

Wirusy badane s3 tez pod katem wykorzystania ich przy tworzeniu bio-pétprzewodnikéw, ktére moga
znalez¢é zastosowanie biomedyczne®. Projekty takie opierajg sie na mozliwoéci modyfikacji wiruséw
poprzez rdézne procesy, takie jak mineralizacja zewnetrznej lub wewnetrznej strony kapsydu, czy

potgczenie z materiatami przewodnikowymi lub pétprzewodnikowymi.
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VLP byty wykorzystywane rowniez w badaniach nad stworzeniem sztucznego systemu absorbujgcego
$wiatto, ktdry imituje maszynerie roslinnych fotosysteméw?. W takiej konstrukcji, wirusowe kapsydy
najczesciej petnig role rusztowania, do ktérego przyczepia sie chromofory absorbujace fotony.
Powyisze przyktady pokazujg olbrzymi potencjat aplikacyjny kapsyddéw wirusowych. Szczegdlnym
zainteresowaniem cieszg sie VLP wywodzace sie z wirusdw roélinnychl. Wynika to z
charakterystycznych dla nich cech, takich jak: niewielkie rozmiary, prosta budowa (wirusy roslinne nie
posiadajg ostonki lipidowej, a ich kapsyd najczesciej ztozony jest z jednego typu biatka (CP)), a takze
wysoka stabilnosé wzgledem trudnych warunkéw srodowiskowych (zdolne do infekcji wirusy roslinne
znajdowane byty m.in. w chmurach, we mgle, w morzu, jeziorach glacjalnych, glebie, czy $ciekach)®.
Co wiecej, produkcja CP wirusdw roslinnych jest relatywnie prosta i tania, a sam VLP moze byé w
kontrolowany sposdb rozktadany i sktadany przez zmiane parametréw roztworu w ktdrym sie znajduje,
takich jak pH, sita jonowa, czy temperatura®®. Waing cechg sprzyjajaca wykorzystaniu VLP
wywodzacych sie z patogendéw roslinnych w medycynie jest fakt, ze wirusy te nie namnazajg sie w
organizmie cztowieka nie sg wiec dla niego grozne**. Co prawda obecnos$¢ wirusdéw roslinnych, ktére
zachowujg zdolnosé do infekcji, potwierdzono w probkach ludzkiego katu, a wirusa TMV wykryto takze
w s$linie i w ptucach palaczy, to powyzisze obserwacje nie wigzaty sie z wystepowaniem objawdw
chorobowych u badanych 0s6b**”. Wykazano réwniez, ze obecno$é¢ niektdrych wirusdw roslinnych,
takich jak np. wirus ziemniaka Y (PVY), czy TMV w organizmie myszy skutkowata u nich zwiekszona
produkcjg przeciwciat I1gG. Jednak i w tym przypadku nie korelowato to z wystepowaniem objawdéw
chorobowych*8, Inne badania dotyczace przekraczania barier miedzygatunkowych, ktére byty oparte
o analizy in vitro, wykazaty, ze RNA wirusa TMV moze ulega¢ translacji w oocytach zaby Xenopus
laevis®, a wirus CPMV moze oddziatywaé z wimentyng - biatkiem cytoszkieletu eukariontéw, i w
konsekwencji wnikaé do wnetrza komérek ssaczych®. Zaobserwowano réwniez, ze wirus CPMV, 3 dni
po wprowadzeniu do krwioobiegu myszy, nadal byt obecny w réznych organach tego gryzonia, m. in.
w ptucach, nerkach, $ledzionie, dwunastnicy, czy mézgu, a takze w weztach chtonnych, szpiku kostnym
czy krwi*l. Wynika stad, ze caly czas nie mamy petnej wiedzy na temat oddziatywania wiruséw
roslinnych z réznymi organizmami, w tym, wydawac¢ by sie mogto, tak odlegtymi gatunkowo jak
cztowiek, czy ssaki w ogdle. Jednakze dtuga koegzystencja gatunku ludzkiego i wiruséw roslinnych, przy
jednoczesnym braku jednoznacznych oznak chorobowych, predestynujg te ostatnie do uzycia ich w
medycynie.

Wirus mozaiki stoktosy (BMV) jest jednym z najlepiej poznanych wiruséw roslinnych. Jego srednica
wynosi ok. 28 nm. Genom wirusa BMV to podzielony na 3 czesci jednoniciowy RNA o dodatniej
polarnosci (ssRNA(+)) (Rys.1.A)). Kazda z genomowych czgsteczek pakowana jest do osobnego wirionu.
Dwie pierwsze czgsteczki RNA (RNA1 i RNA2) majg ok. 3,2 kz i 2,9 kz i zawierajg sekwencje kodujgce

biatka 1a i 2a. Biatka te odpowiadajg za replikacje wirusowego materiatu genetycznego. Trzecia
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czasteczka genomowa (RNA3) jest krotsza (2,1 kz) i zawiera dwie ramki odczytu. Kodujg one kolejno
biatko MP oraz biatko kapsydu (CP). Sekwencja kodujgca CP, ulega ekspresji poprzez subgenomowy
RNA (sgRNA 4) o wielkosci 0,8 kz, ktdry jest pakowany do wirionu razem z RNA3. Biatko MP jest
wykorzystywane przez wirusa do systemicznej infekcji rosliny.

Czasteczki RNA wirusow ssRNA(+) petnig dwie gtowne funkcje. Z jednej strony odgrywajg role
analogiczng dla eukariotycznego mRNA, czyli sg matrycg dla biosyntezy biatek. Z drugiej strony sg
matryca dla replikacji wirusowego materiatu genetycznego. Czgsteczki RNA BMV posiadajg na korcu
5’ czapeczke — 7-metyloguanozyne, przytaczong do wirusowego RNA wigzaniem 5°-5
tréjfosforanowym. Funkcjg czapeczki jest ochrona wirusowego RNA przed degradacjg. Na koricu 3' RNA
wirus BMV posiada region nie ulegajacy translacji (UTR)*2. Region UTR sktada sie z 3 pseudoweztéw
oraz charakterystycznego odcinka obejmujgcego ok. 200 nt, a ktéry swojg strukturg przestrzenng
przypomina tRNA (TLS). Fragment TLS wirusa BMV moze ulec aminoacylacji tyrozyng i petni kilka
zasadniczych funkcji®®®®. Przede wszystkim zabezpiecza czasteczke RNA przed degradacjg, bedac
analogiem telomeru. Jest rowniez elementem promotorowym, ktéry inicjuje replikacje ujemnej
czasteczki RNA oraz translacje biatek®®. Z uwagi na fakt, ze wirusowy RNA jest matrycg zaréwno dla
replikacji jak i translacji, TLS petni takze funkcje regulatorowg obu procesow, tak aby nie zachodzity
one w tym samym czasie®**°, TLS odgrywa réwniez ogromna role w procesie sktadania kapsydu BMV
w warunkach naturalnych. Warto zwréci¢ uwage, ze TLS wystepuje u wielu wirusdw roslinnych, moze
mie¢ odmienng budowe i nie zawsze petni te same funkcje®.. Motywy TLS obechne w genomowych
czasteczkach RNA1, RNA2 i RNA3 BMV roznig sie kilkkoma nukleotydami, co wptywa na ich nieco
odmienne wtasciwosci®*. Badania, w ktérych usuwano i zamieniano odcinki TLS miedzy poszczegdlnymi
czasteczkami RNA wirusa BMV skutkowaty zmiang wydajnosci transkrypcji i translacji poszczegdlnych

fragmentow RNA>,
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A)

RNA1 (3,2 kz) RNA3 (2,1 kz)
RNA2 (2,9 kz) l

sgRNA 4 (1,0 kz)

B)

Rys. 1 Wirus mozaiki stoktosy (BMV). A) Genom wirusa sktada sie z 3 pojedynczych nici RNA(+) oraz z subgenomowego RNA4.
RNA1 i RNA2 zawierajg sekwencje kodujace biatka biorgce udziat w replikacji materiatu genetycznego BMV. Nici RNA1 i RNA2
s pakowane do oddzielnych wirionédw. RNA3 zawiera sekwencje kodujaca biatko MP oraz sekwencje bedacg matryca dla
syntezy sgRNA4. RNA3 i sgRNA4 pakowane sg razem do jednego kapsydu. Kazdy RNA posiada czapeczke na korcu 5’ oraz TLS
na koncu 3’. B) Kapsyd BMV posiada strukture ikozaedralng (T=3). Na schemacie zaznaczono charakterystyczne jej elementy.
Na czerwono przedstawiony trimer CP (A, B i C odpowiadajg oznaczeniom poszczegdlnych monomeréw CP). Na zielono
zaznaczone zostaty monomery CP tworzace przyktadowe pentamery. Na niebiesko zaznaczone zostaty monomery CP
tworzace przyktadowe heksamery. Rysunek wykonany za pomocg BioRender.com;

Kapsyd BMV sktada sie ze 180 biatek CP i przyjmuje ikozaedryczng strukture®® (Rys. 1.B) Wirusowe
kapsydy opisywane sg liczbg triangulacji T, ktdra zostata zaproponowana przez duet badaczy, Caspara
i Kluga, jeszcze w latach 60-tych XX wieku®’. Odpowiada ona 60 podjednostkom biatkowym oraz ich
wielokrotnosci. | tak, dla przyktadu, T=1 oznacza, ze na kapsyd sktada sie 60 biatek, dla T=3 tych biatek
jest 180, a dla T=4: 240. W przypadku BMV T wynosi wiec 3. Badania nad strukturg przestrzenng
wirusowych kapsydow wykazaty, ze sktada sie on z heksamerdw i pentameréw. Liczba pentamerow w
kapsydzie o ikozaedrycznej budowie jest stata i niezaleznie od liczby T, wynosi 12, natomiast liczbe
heksameréw mozna obliczy¢ dla danego wirionu na podstawie wzoru 10(T — 1).

Monomer CP sktada sie ze 189 aminokwasdw. Ma on globularng budowe, z wystajgcym do wnetrza

kapsydu koricem aminowym (Rys. 2.A). Pierwsze 25 reszt aminokwasowych korica aminowego CP, to
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region bogaty w argininy (ARM). Odcinek ten nadaje dodatni tadunek tej czesci biatka, dzieki czemu
moze ono oddziatywac elektrostatycznie z ujemnie natadowanym RNA wirusa, bedac tym samym
jednym z wazniejszych elementéw inicjujgcych sktadanie kapsydu oraz stabilizujacych jego strukture.
Kluczowym elementem dla efektywnego wykorzystania wiruséw jako systemu nos$nikowego jest
poznanie mechanizmu sktadania kapsydu. Proces ten przebiega w zaleznosci od typu wirusa, budowy
CP, dtugosci i struktury genomu wirusowego (RNA, czy DNA; ni¢ pojedyncza czy podwdjna;)®.

Niezaleznie jednak od rdznic, samoorganizacja kapsydu zachodzi dzieki wzajemnym oddziatywaniom

59,60

poszczegdlnych czesci wirionu

Rys. 2 Biatko kapsydu (CP) wirusa BMV. A) Monomer CP z zaznaczonymi koricami aminowym (N) oraz karboksylowym (C).
Na niebiesko zaznaczone sg aminokwasy o polarnosci dodatniej, na czerwono o polarnosci ujemnej. Fragment w ramce
ukazuje powiekszony odcinek aminowego korica CP, ktéry jest bogaty w reszty argininy (ARM). Argininy zaznaczone s3g na
fioletowo. B) Trimer CP ze zwigzanym posrodku atomem Mg?* (zaznaczonym na czerwono oraz wskazanym przez strzatke).
Poszczegdlne tancuchy trimeru zaznaczone s odpowiednig literg i kolorem (taricuch A — z6tty, taricuch B — cyjan, taricuch C —
zielony, rysunek wykonany przy uzyciu BioRender.com oraz UCSF Chimera, na podstawie pliku PDB 1JS9);

W przypadku BMV gtéwnym czynnikiem determinujgcym proces sktadania kapsydu sg oddziatywania
elektrostatyczne pomiedzy aminowym koricem CP, oraz ujemnie natadowang czgsteczka genomowego
RNA. O wysokiej skutecznosci tego mechanizmu obserwowanego u wiruséw z rodziny Bromoviridae
$wiadczy brak pustych kapsydéw BMV i CCMV w warunkach naturalnych®*%°. Podstawowg jednostka
budulcowg kapsydu BMV sg dimery CP. Mechanizm sktadania kapsydéw wirusowych in vivo nie jest w
petni poznany, jednak dane uzyskane in vitro, przedstawiajg dwa modele sktadania ikozaedralnego
kapsydu®®>*, Pierwszy z nich zaktada rozpoczecie procesu sktadania otoczki biatkowej od uformowania
zalgzka (nucleus), po ktérym nastepuje przytgczenie kolejnych CP az do powstania petnego kapsydu.
Zalgzek powstaje poprzez oddziatywanie kilku dimeréw CP z pakowanym RNA%. W badaniach

mechanizmu sktadania kapsydu CCMV, prowadzonych z wykorzystaniem modeli matematycznych
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zauwazono, ze tworzony zalgzek przyjmowat forme pentameru®®?, Z analizy Ztotnicka i
wspotpracownikéw wynika, ze pentamer, bedacy zalgzkiem kapsydu jest ztozony z dimeréw CP®L. Co
wiecej, autorzy pracy podkreslajg, ze mechanizm skfadania kapsydu pustego oraz z RNA moze by¢
zupetnie rézny. Modelowanie procesu skfadania kapsydu CCMV metodg Monte Carlo (MC)
potwierdzito wczesniejsze hipotezy dotyczgce zalgzka kapsydu przyjmujgcego forme pentameru,
jednak nie wskazato by byt on ztozony z dimerdw?®2. Nie mozna jednak wykluczyé, ze pierwsza struktura
tworzaca zalgzek sktada sie z dimeréw, ktére sg podstawowq jednostkg budulcowg kapsydu.
Utworzenie pentameru potgczonego z wirusowym RNA jest momentem krytycznym dla tworzenia
catego kapsydu. Z tych samych badan wynika, ze kiedy juz zalgzek zostanie uformowany (przytgczonych
zostanie 4 lub 5 podjednostek), proces budowy kapsydu staje sie bardziej korzystny energetycznie i
zachodzi juz duzo szybciej®?. Symulacja metodg MC pokazata, ze tworzenie zalgzka trwa okoto 70
sekund, a dalsze formowanie kapsydu jedynie 33 sekundy, aczkolwiek dla innych wiruséw te czasy
moga byé rozne®2. Nie bez znaczenia przy sktadaniu kapsydu jest takze stezenie CP. Im wieksze stezenie,
tym proces formowania zachodzi szybciej®.

Istotnym elementem w procesie sktadania kapsydow u niektorych wiruséw jest TLS. Fragment ten
moze petni¢ rézne funkcje u réznych gatunkdéw tych patogendw. Widaé to wyraznie na przyktadzie
dwéch bliskich filogenetycznie wiruséw: BMV i CCMV. Brak TLS u BMV skutkuje niemoznoscig ztozenia
kapsydu in vitro. W przypadku CCMV, TLS nie jest elementem koniecznym do tego by mdgt powstaé
pusty kapsyd®. Co wiecej, kapsyd CCMV moze ulec ztozeniu, zamykajac wewnatrz, pozbawiony odcinka
TLS, genom wirusa BMV. Z drugiej strony, CP BMV w obecnosci pozbawionego fragmentu TLS RNA
BMV, nie mogg uformowac kapsydu. Dopiero dodanie do roztworu TLS lub tRNA powoduje, ze CP
sktada sie w ptaszcz biatkowy wirusa. Réznice w roli TLS w sktadaniu kapsydéw obu wiruséw mogg by¢
spowodowane tym, ze infekujg one rdézne typy roslin i majg nieco odmienny system propagacji
wewnatrz zakazonego organizmu®. Niemniej, $wiadczy to o tym, ze TLS jest dla BMV istotnym
czynnikiem wptywajgcym na sktadanie kapsydu.

Drugi model sktadania kapsydu, nazywany ,en masse”, zaktada, ze liczne CP przytaczajg sie do
wirusowego RNA w tym samym czasie nie tylko do TLS, tworzgc kilka zalgzkéw formowania sie kapsydu.
Poczgtkowo proces sktadania jest nieuporzadkowany. Podobnie jak w pierwszym opisywanym modelu,
dopiero przytgczenie odpowiednie] liczby CP, prowadzi do rearanzacji catego kapsydu, i przyjecia
ostatecznej struktury. Czynnikiem wzmacniajagcym oddziatywanie RNA-CP w warunkach in vitro jest
obnizenie sity jonowej buforu. Wynika to z elektrostatycznej natury oddziatywania RNA-CP. Wysoka
sita jonowa roztworu powoduje, ze duza liczba jondéw znajdujacych sie w roztworze wigze sie z RNA i
CP, uniemozliwiajgc tym samym ich wzajemne oddziatywanie. Obnizenie sity jonowe] prowadzi do
tego, ze coraz mniej jondw ekranuje oddziatywania RNA-CP, a co za tym idzie, umozliwia im

wzmocnienia wzajemnych interakgcji.
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W obu opisywanych modelach bardzo waznym etapem formowania sie kapsydu jest strukturyzacja
kompleksu nukleoproteinowego, ktdéra opiera sie na stabych, ale licznych, hydrofobowych
oddziatywaniach CP-CP*®*, Wzmocnienie tych oddziatywan wzrasta wraz ze spadkiem pH. Wynika to
z faktu, ze wraz z obnizeniem pH dochodzi do protonowania reszt aminokwasowych CP. W rezultacie
skutkuje to z jednej strony ostabieniem oddziatywan elektrostatycznych, ktére odpowiadajg za
wzajemne odpychanie podjednostek kapsydowych, a z drugiej wzmocnieniem oddziatywan
hydrofobowych, ktdre sg odpowiedzialne za ich przycigganie. Zjawisko to jest wykorzystywane podczas
sktadania VLP in vitro, gdzie obnizenie pH skutkuje stabilizacjg struktury wirionu.

Wirusy BMV i CCMV byty juz badane pod katem mozliwosci ich uzycia jako transporteréw nanoczastek.
Z powodzeniem wewnatrz kapsydu BMV zamknieto miedzy innymi: nanoczastki ztota, tlenku zelaza,
czy kropki kwantowe® % We wszystkich przypadkach elementem kluczowym dla efektywnego
zapakowania nanoczastek byly oddziatywania elektrostatyczne miedzy ujemnie natadowang
nanoczastka, a dodatnio natadowanym fragmentem CP. Ujemny fadunek uzyskiwano najczesciej przez
optaszczenie nanoczastki glikolem polietylowym (PEG).

Mechanizm rozkfadania i ponownego sktadania kapsydu nie jest jedynym sposobem na wprowadzenie
nanoczastek do wnetrza otoczki biatkowej. Mate zwigzki, takie jak np. DOX, czy barwniki, mozna
umiesci¢é wewnatrz kapsydu wykorzystujac zjawisko jego pecznienia®’. Zjawisko to zostato dobrze
opisane na przyktadzie wirusa RCNMV i polega na ostabieniu sity oddziatywan miedzy biatkami, na tyle,
by CP oddality sie od siebie zwiekszajac rozmiar poréw w kapsydzie. Podstawg tego mechanizmu jest
usuniecie jondw dwuwarto$ciowych, takich jak Mg®* i Ca** z kapsydu oraz podwyzszenie pH. W
natywnych wirionach BMV i CCMV w przestrzeni pomiedzy trzema podjednostkami CP znajdujg sie
jony Mg?*, ktdre stabilizujg ich strukture (Rys. 2 B). W przypadku wirusa BMV jon Mg?* koordynowany
jest przede wszystkim przez grupy karboksylowe kwasow glutaminowych znajdujace sie w pozycji 84
kazdego z trzech taricuchéw CP®®. Z analizy struktury krystalograficznej BMV wynika dodatkowo, ze
oprécz kwasu glutaminowego, w poblizu jonu Mg?*znajdujg sie takze reszty kwasu asparaginowego
oraz treoniny, ktére bedac w odlegtosci 6A moga z nim oddziatywac za pomocg mostkéw wodorowych
dodatkowo stabilizujgc catg strukture>®. Usuniecie tych jondw ostabia oddziatywanie CP-CP i prowadzi
do wzmocnienia odpychajacych sit miedzy podjednostkami biatkowymi, szczegdlnie, jesli nastgpi
dodatkowo wzrost pH, gdyz powoduje on deprotonacje czesci reszt aminokwasowych. W rezultacie,
przyciggajace biatka oddziatywania hydrofobowe stajg sie stabsze, natomiast rosngce w site
elektrostatyczne oddziatywania odpychajgce prowadza do oddalania sie od siebie CP. W pH 7 kapsyd
CCMV nie rozpada sie, lecz zwieksza sie jego srednica podobnie jak srednica wystepujgcych w nim
poréw®®8, Sg one na tyle duze, ze mate zwigzki, jak np. wspomniana wyzej DOX moze bez problemu

przenikngé do wnetrza kaspydu.
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2. CEL PRACY

Celem pracy doktorskiej byto opracowanie wydajnych metod pozyskiwania biatek kapsydu BMV oraz
konstruowania na ich bazie czastek wirusopodobnych mogacych petnic funkcje nosnikdw nanoczastek.
Osiggniecie tego celu wymagato realizacji nastepujacych zadan:

() Opracowania metody pozyskiwania homogennych preparatéw BMV z zakazonych wirusem roslin.
(1) Opracowania metody wprowadzania nanoczastek do wnetrza kapsydu BMV.
(111) Opracowania metody produkcji rekombinowanego biatka kapsydu BMV.

(IV) Wykazania, iz modyfikujgc rekombinowane biatka kapsydu BMV mozna otrzymywad VLP o nowych
wtasciwosciach.
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3. KROTKIE OMOWIENIE WYNIKOW PRZEDSTAWIONYCH W PUBLIKACJACH
WCHODZACYCH W SKtAD ROZPRAWY DOKTORSKIE)

Szeroko stosowang metodg oczyszczania czgstek wirusowych izolowanych z roslin jest ultrawirowanie
w gradiencie chlorku cezu lub sacharozy®®. Rozpoczynajac prace z VLP szukaliémy alternatywnego
sposobu oczyszczania wiruséw, ktéry umozliwiatby pominiecie zmudnego etapu ultrawirowania. Ze
wzgledu na wysoka wydajnos¢ oraz praktycznie nieograniczong mozliwos$é zwiekszania lub
zmniejszania skali eksperymentu zdecydowali$my sie na zastosowanie chromatografii cieczowej FPLC.
Efekty prac nad optymalizacjg procedury oczyszczania wirusa BMV zostaty przedstawione w pierwszej
publikacji wchodzacej w sktad rozprawy doktorskiej. Oprdcz szczegétowego opisu procedury
oczyszczania BMV, w pracy zawarliSmy takze wyniki biofizycznych analiz jakosci otrzymanego
preparatu. Badania biofizyczne zostaty wykonane we wspétpracy z zespotem kierowanym przez prof.
M. Giersiga, w sktad ktérego wchodzili: Monika Krecisz, Jakub Rybka, Maciej Kozak i Christoph

Bottcher.

Izolacje wirusa BMV przeprowadzaliSmy standardowg i szeroko stosowang metodg opracowang przez
J. Bujarskiego polegajaca na ekstrakcji fenolem i chloroformem i wytrgceniu z uzyciem PEG’. Do
oczyszczenia wiriondw wykorzystaliSmy techniki chromatograficzne. Stwierdzilismy, ze dwuetapowe
oczyszczanie z zastosowaniem chromatografii jonowymiennej ze ztozem
dietyloaminoetylocelulozowym (DEAE-C) oraz sgczenia molekularnego (SEC) pozwala uzyska¢ preparat
o bardzo wysokiej czystosci. Analiza metodg dynamicznego rozpraszania $wiatta (DLS) pokazata, ze
otrzymane prébki BMV nie zawieraty agregatéw i charakteryzowaty sie duzg jednorodnoscig wirionow.
Koronnym dowodem potwierdzajgcym, iz zastosowana procedura oczyszczania nie wptywa
negatywnie na strukture wiriondw BMV byty ich obrazy uzyskane przy uzyciu mikroskopu Cryo-TEM.

Zdjecia te zostaty wykonane przez dr Christoph’a Bottchera, na Freie Universitat w Berlinie.

Opracowana przez nas metoda oczyszczania BMV daje co najmniej tak dobre rezultaty jak protokoty
oparte na ultrawirowaniu. Dodatkowo jest ona relatywnie tatwa w skalowaniu wzgledem pozadane;j
ilosci materiatu wyjsciowego, dzieki czemu stanowi realng alternatywe dla juz istniejgcej metody

0CzyszCzania wirusow.

W pracy przedstawione zostaty réwniez wyniki analiz biofizycznych BMV oczyszczonego przy pomocy
metod chromatograficznych. Obejmowaty one pomiary przy uzyciu spektroskopii ostabionego
catkowitego odbicia w podczerwieni z transformacjg Fouriera (ATR-FTIR) wykonane przez Monike
Krecisz z Centrum Zaawansowanych Technologii (CZT) w Poznaniu, a takze statycznego rozpraszania

Swiatta (SLS), DLS, i dichroizmu kotowego (CD), ktdére zostaly przeprowadzone przez Kamila
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Szpotkowskiego z Instytutu Chemii Bioorganicznej PAN w Poznaniu. Wyniki eksperymentow wykazaty,
ze pH roztworu wptywa na srednice wirusowego kapsydu, co jest zgodne z wczesniejszymi
obserwacjami poczynionymi dla innych wiruséw roslinnych, takich jak: wirus kedzierzawosci rzepy
(TCV), CCMV, czy wirus krzaczastej karfowatosci pomidora (TBSV)Y727374, Z naszych badan wynika, ze
wzrost pH buforu, w ktérym znajduje sie wirus z 5,6 do 8,4, skutkuje powiekszeniem srednicy kaspydu
o ok. 7%. Analiza SLS ujawnita dodatkowo, ze wzrost pH, koreluje ze spadkiem wartos¢ drugiego
osmotycznego wspoétczynnika wirusowego (Bz:). W praktyce, obnizenie wartosci wspdtczynnika Ba;

oznacza ostabienie oddziatywan odpychajacych miedzy wirionami.

Wptyw pH na strukture ll-rzedowg biatek kapsydu BMV okreslony zostat na podstawie pomiaréw CD i
ATR-FTIR. Oba pokazaty, ze zmiana pH w przedziale 5,6-8,4 powoduje jedynie nieznaczne rearanzacje
lI-rzedowej struktury biatka, chociaz konkretne wyniki liczbowe byty rézne, podobnie jak analogiczne
parametry okresSlone na podstawie struktury krystalograficznej. Rdznice te wynikajg
najprawdopodobniej z zastosowania odmiennych buforéw. Obserwacje te raz jeszcze potwierdzajg, ze

sktad buforu w ktérym umieszczony jest wirus, ma istotny wptyw na strukture ll-rzedowg CP.

Podsumowujgc, w pierwszej pracy zaprezentowali$my nowga chromatograficzng metode oczyszczania
BMV. Pokazaliémy, ze jest ona atrakcyjng alternatywa dla technik dotychczas stosowanych. Gtéwng
zaletg nowo opracowanej metody jest tatwos¢ skalowania ilosci preparatu oraz wieksza mozliwosc
kontroli procesu oczyszczania. Pomiary jakosSci uzyskanych wirionéw Swiadczg, ze preparaty BMV
oczyszczone metodg chromatograficzng stanowig dobry materiat do dalszych prac nad
wykorzystaniem VLP jako nosnikdw nanoczagstek. Metoda oczyszczania BMV w oparciu o techniki
chromatograficzne zostata réwniez przez nas szczegétowo przedstawiona w nie zatgczonej do
rozprawy pracy pod tytutem: ,BMV Propagation, Extraction and Purification Using Chromatographic
Methods”. Analizy biofizyczne wirusa w fizjologicznym spektrum pH wskazujg na wysoka stabilnos¢ i

trwatosé wiriondw i jako catos¢ stanowig cenne uzupetnienie stanu wiedzy na temat BMV.

Kolejnym celem moich badan byto opracowanie efektywnych metod pakowania nanoczastek do
kapsydéw BMV. Sposdb jego osiggniecia przedstawiony zostat w pracy zatytutowanej ,The influence
of ligand charge and length on the assembly of Brome mosaic virus derived virus-like particles with
magnetic core”. Proces pakowania nanoczgstek do wirusowego kapsydu zalezny jest od wtasciwosci
pakowanej nanoczastki, a w szczegdlnosci jej tadunku powierzchniowego oraz mechanizmu sktadania
kapsydu. Pakowanym elementem w naszych badaniach byly nanoczastki tlenku zelaza, ktére
wykazywaty witasciwosci superparamagnetyku (SPION). Zaletami SPION, s3: niska toksycznosé,

stosunkowo wysoka wydajnosé metody ich otrzymywania oraz mozliwos¢ modyfikowania ich
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powierzchni. Superparamagnetyczne witasciwosci otwierajg droge do wykorzystania tej nanoczastki w
biologii i medycynie m. in. w celowanym obrazowaniu metodg rezonansu magnetycznego lub jako
nosniki lekow’>7%77.78 Nanoczastki tlenku zelaza (lll) byty otrzymane poprzez dysocjacje termiczng
acetyloacetonu zelaza (lll) z kwasem oleinowym. Proces syntezy, funkcjonalizacji oraz pakowania
nanoczgstek do kapsydu BMV, byt prowadzony we wspétpracy z Adamem Mielochem oraz Monikg
Krecisz w CZT. Rozmiar i ksztatt nanoczgstek okreslono przy pomocy CryoTEM w Berlinie. Wtasciwosci
superparamagnetyczne nanoczgstek zostaty potwierdzone przez Monike Krecisz z CZT przy pomocy
urzadzenia do pomiaru natezenia pola magnetycznego (SQUID). W wyniku tych analiz wykazano, ze
koercja magnetyczna dla nanoczastki osiggata wartosé okoto 0 Oe w temperaturze 300 K, co $wiadczy
o0 jej superparamagnetycznych wtasciwosciach. Z uwagi na obecnos¢ kwasu oleinowego na powierzchni
nanoczastek, konieczna byta ich funkcjonalizacja. Miata ona na celu umieszczenie ujemnego tadunku
na powierzchni czastek tlenku Zzelaza i zwiekszenie rozpuszczalnosci nanoczastek w roztworach
wodnych. Ujemny tadunek nadany czgstkom SPION miat rdwniez umozliwi¢ ich oddziatywanie z
dodatnio natadowanym koricem aminowym biatka CP i w rezultacie, doprowadzenie do ztozenia
petnego kapsydu. Funkcjonalizacja polegata na przytgczeniu do powierzchni nanoczastek tlenku zelaza
zwigzkow: distearoilu-sn-glicero-3-fosfoetanoloamino-N-[karboksy(PEG)2000] (COOH-PEG-PL) lub
fosforanu diheksadecylu (DHP). Srednica otrzymanych SPION wynosita w przyblizeniu 15 nm. Celem
przytaczenia COOH-PEG-PL lub DHP byto takze zwiekszenie srednicy nanoczastek do 18 nm, dzieki

czemu powinny one idealnie wpasowac sie w kapsyd BMV.

Wirusy byty izolowane i oczyszczane zgodnie z procedurg opisang w pierwszej prezentowanej pracy.
Nastepnie wirusy poddawane byty dializie i wirowaniu, w celu rozbicia wiriondw na pojedyncze CP i
usuniecia wirusowego RNA. Usuniecie materiatu genetycznego zwieksza poziom biobezpieczenstwa
preparatu, co jest szczegdlnie istotne przy zastosowaniach medycznych. Oczyszczone CP byty
nastepnie uzyte do optaszczenia czastek SPION. Wykorzystany zostat do tego wspomniany we
wprowadzeniu protokét przedstawiony w pracy m. in. przez Chevreuil i wsp., oparty na dwustopniowe;j
dializie, w ktdrej pierwszym etapem byto obnizenie sity jonowej buforu, a nastepnym obnizenie pH?*.
Pierwsza dializa skutkowata zwiekszeniem sit oddziatywan miedzy natadowanym dodatnio koricem
aminowym CP, a ujemnie natadowang powierzchnig SPION. Natomiast podczas obnizania pH,
dochodzito do uprotonowania reszt aminokwasowych CP i zwiekszenia sity oddziatywan
hydrofobowych miedzy biatkami. W rezultacie nastepowata stabilizacja i uksztattowanie sie VLP. Na
podstawie analiz zdje¢ z mikroskopu CryoTEM oszacowano, ze nanoczastki funkcjonalizowane przez
COOH-PEG-PL zostaty optaszczone biatkami CP z wydajnoscig okoto 90 % (w okoto 90 % ztozonych
kapsydéw widoczne byly nanoczastki). Dodatkowo, stwierdziliémy, ze wystepowaty one przewaznie w

postaci pojedynczych czgstek. Rownoczesnie zaobserwowalismy, ze VLP z nanoczgstkami

20



funkcjonalizowanymi DHP formowaty agregaty. Zjawisko to mozna wyttumaczy¢ tym, ze przytgczanie
kolejnych podjednostek CP do DHP podczas sktadania kapsydu skutkuje stopniowg neutralizacjg
wypadkowego ujemnego tadunku SPION. Konsekwencjg tego jest obnizenie sity oddziatywan
odpychajacych miedzy nanoczgstkami. W efekcie nanoczastki mogg tworzy¢ agregaty. Z drugiej strony,
nanoczgstki z COOH-PEG-P tylko w niewielkim stopniu taczg sie ze sobg w wieksze skupiska. Wynika to
najprawdopodobniej z réznic w budowie czasteczki PEG w porédwnaniu do DHP. Podsumowujac,
nanoczgstki SPION, funkcjonalizowane przez COOH-PEG-PL charakteryzuja sie duzo wiekszg

jednorodnoscia i brakiem agregacji w poréwnaniu do nanoczastek funkcjonalizowanych DHP.

VLP byty analizowane przy pomocy dwdch technik: mikroskopii CryoTEM oraz DLS. Wyniki otrzymane
przy pomocy obu tych technik znaczaco rdéznity sie od siebie. Z analizy zdje¢ z CryoTEM wynika, ze VLP
zawierajgce nanoczastki optaszczone COOH-PEG-PL miaty s$rednice rowng 26,4 = 2,1 nm, a te
optaszczone DHP, 25,5 + 2,7 nm. Otrzymane wartosci dla obu typéw VLP byty podobne do wielkosci
natywnego wirusa BMV. Analiza DLS otrzymanych VLP wykazata, ze majg one o wiele wieksze rozmiary
niz natywne wiriony BMV: srednica hydrodynamiczna VLP z nanoczgstkami optaszczonymi COOH-PEG-
P wyniosta 63 + 13 nm, natomiast VLP zawierajgce nanoczastki z DHP miaty Srednice 145 + 27 nm.
Przyczyng tak duzych rozmiaréw VLP otrzymanych w pomiarze DLS moze by¢ fakt, ze VLP zawierajgce
nanoczastki z DHP miaty tendencje do tworzenia agregatéw, co uwidoczniono za pomocg mikroskopu
CryoTEM. Pewng wadg techniki DLS jest tendencja do maskowania obecnosci matych czasteczek przez
wieksze obiekty obecne w roztworze nawet w niewielkiej liczbie. W zwigzku z powyzszym, wydaje sie,
Ze agregaty, ktére tworzg sie zaréwno w przypadku nanoczastek z DHP jak i z PEG, sg odpowiedzialne
za wieksze rozmiary mierzonych VLP w poréwnaniu do natywnego wirusa BMV. Potwierdzaja to zdjecia
uzyskane za pomocg CryoTEM. Co wiecej, sama metoda DLS mierzy srednice hydrodynamiczng, czyli
rozmiar czgsteczki wraz z powtoka jonéw jg okalajgcych. W efekcie pomiary DLS wykazujg nieco

wieksze rozmiary badanych czastek niz sg one w rzeczywistosci.

Analiza zdje¢ uzyskanych za pomocg CryoTEM pozwolita na pomiar grubosci $cian kapsydéw. Dla VLP
z COOH-PEG-P wynosita ona 5,2 £ 0,03 nm a dla VLP z DHP 5,53 + 0,97 nm. Wartosci te sg zblizone do
wystepujacych w natywnym wirusie BMV. Na tej podstawie mozna sadzi¢, ze kapsyd sktadany w
warunkach in vitro wokdt nanoczastki ma podobng budowe do wirusa powstajgcego w warunkach

naturalnych.

Podsumowujac, w ramach pracy pt. , The influence of ligand charge and length on the assembly of
Brome mosaic virus derived virus-like particles with magnetic core” przeprowadzilismy funkcjonalizacje
nanoczgstek tlenku zelaza, dzieki ktérej mozliwa byta enkapsydacja tego zwigzku wewnatrz VLP

zbudowanych z CP BMV. Kluczowym czynnikiem warunkujgcym prawidtowe uformowanie VLP okazat
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sie zwigzek uzyty do funkcjonalizacji nanoczastki, ktory nie tylko wprowadzit ujemny tadunek na jej
powierzchnie, ale takze zapewnit odpowiednie wtasciwosci steryczne, dzieki ktérym nie dochodzito do
agregacji. Prawidtowo ztozone kapsydy z zamknietymi wewnatrz nanoczgstkami byty analizowane za
pomocg DLS i zostaty zobrazowane z wykorzystaniem mikroskopu CryoTEM. Zdjecia te pokazaty
stosunkowo niskg zawartos¢ agregatéow posrdd nanoczgstek fukcjonalizowanych COOH-PEG-P w
poréwnaniu do nanoczastek funkcjonalizowanych DHP. VLP z DHP i COOH-PEG-P majg podobne
rozmiary jakie natywny BMV. Niemniej najwazniejszym osiggnieciem powyzszej pracy byto skuteczne

uformowanie VLP zawierajgcych wewnatrz nanoczastke o wtasciwosciach superparamagnetycznych.

Praca z VLP wymaga sprawnego systemu produkcji podjednostek biatkowych, z ktérych mozna je
ztozy¢. Wirusy roslinne, w tym BMV namnaza sie w roslinach. Podejscie to wymaga jednak
specjalistycznej infrastruktury do uprawy roslin (szklarni lub fitotronu) a takze czasu potrzebnego
najpierw na ich wzrost, a nastepnie na inokulacje oraz propagacje wirusdw wewnatrz rosliny. Co
wiecej, myslgc o poszukiwaniu nowych wtasciwosci VLP, nalezy zwrdcié uwage, ze sekwencjg CP
otrzymywang w uktadzie natywnym manipulowac mozna tylko w waskim zakresie. Aby wyeliminowac
te ograniczenia, postanowilismy wykorzysta¢ bakteryjny system do produkcji tzw. rekombinowanego
CP BMV (rCP). System ten nie tylko umozliwit znaczgce skrdcenie czasu produkcji CP, ale takze pozwolit
oming¢ etap usuwania wirusowego RNA z preparatu. Optymalizacja produkcji rCP stanowita preludium
do trzeciej pracy sktadajacej sie na niniejszg rozprawe doktorskg, zatytutowanej: ,, Virus-Like Particles
Produced Using the Brome Mosaic Virus Recombinant Capsid Protein Expressed in Bacterial System”.
Do ekspresji genu kodujgcej rCP wybralismy wektor pMCSG48, ktory zawiera m. in. dwa kluczowe
elementy: sekwencje kodujgca biatko fuzyjne NusA oraz fragment kodujgcy osiem reszt histydynowych
(tzw. His-tag) (Rys. 3.A). Biatko NusA zwieksza rozpuszczalno$é partnera fuzyjnego w srodowisku
wodnym, natomiast His-tag umozliwia oczyszczanie preparatu biatkowego metoda chromatografii
powinowactwa na ztozu z jonami niklu. Do produkcji rCP wykorzystalismy szczep bakteryjny Rosetta2
DE3 pLysS. Ten zmodyfikowany genetycznie szczep zostat zaprojektowany w celu zwiekszenia
wydajnosci produkcji rekombinowanego biatka. Syntetyzuje on tRNA dla kodonéw, ktére bardzo
rzadko wystepujg w bakteriach, ale dos$¢ czesto wystepujg u ekariontéw. Dzieki temu szczep Rosetta2
DE3 pLysS charakteryzuje sie zwiekszong wydajnoscig ekspresji biatek eukariotycznych. Dodatkowo
jest on wyposazony w gen polimerazy T7 zaleznej od RNA oraz lizozym T7. Oba te elementy dodatkowo
stabilizujg proces produkcji rekombinowanego biatka. Otrzymany w systemie bakteryjnym konstrukt
zbudowany byt w nastepujacy sposob: od strony konca 5’ posiadat sekwencje kodujgcg His-tag, dalej
potozone byty kolejno sekwencje kodujgce biatko fuzyjne NusA, miejsce hydrolizy proteolitycznej TEV

oraz biatko CP. Wyizolowane rCP z partnerem fuzyjnym NusA poddawaliSmy procedurze oczyszczania
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z wykorzystaniem chromatografii powinowactwa, natomiast usuniecie fragmentu fuzyjnego NusA
odbywato sie poprzez hydrolize proteazg TEV i ponowne oczyszczanie metodg chromatografii

powinowactwa.

A miejsce insercji
) sekwencji kodujgcej CP

miejsce hydrolizy miejsce hydrolizy
nukleazg EcoRlI nukleaza Sspl

_ miejsce hydrolizy
terminator proteazg TEV

polimerazy T7

/ NusA

AmpR
PMCSG48 wxiils
promotor
ori polimerazy T7
G N
lacl
rop
B)
N NusA CP C
8xHis miejsce hydrolizy
proteazg TEV

Rys. 3 Konstrukt rCP. A) Schematyczne przedstawienie wektora ekspresyjnego pMCSG48. AmpR — sekwencja kodujaca B-
laktamaze, ktéra odpowiada za opornosc bakterii na antybiotyk — ampicyline. Ori — miejsce rozpoczecia replikacji plazmidu.
Rop — sekwencja kodujaca biatko rop, ktére jest odpowiedzialne za utrzymanie matej liczby kopii plazmidu w bakteriach. Lacl
— sekwencja kodujgca represor lac. Promotor polimerazy T7 — miejsce inicjacji transkrypcji sekwencji kodujacej biatko
docelowe. 8xHis — sekwencja kodujaca osiem reszt histydyny. NusA — sekwencja kodujaca biatko fuzyjne zwiekszajace
rozpuszczalno$é biatka docelowego. Miejsce hydrolizy proteaza TEV — sekwencja nukleotydéw kodujgca sekwencje
aminokwasow rozpoznawang przez proteaze TEV. Miejsce insercji sekwencji kodujgcej — odcinek plazmidu pomiedzy dwoma
miejscami restrykcyjnymi (dla enzymow EcoRlI i Sspl), miejsce w ktorym nastapi wprowadzenie sekwencji kodujgcej biatko
docelowe. Terminator polimerazy T7 — miejsce terminacji transkrypcji. B) Schematyczne przedstawienie biatka rCP. Od lewej
strony N — aminowy koniec biatka. 8xHis — osiem reszt histydyny. NusA — biatko fuzyjne. Miejsce hydrolizy proteazg TEV —
sekwencja aminokwasdw rozpoznawana i hydrolizowana przez proteaze TEV. CP — biatko kapsydu BMV. C — koniec
karboksylowy biatka. (Rys. wykonany przy uzyciu BioRender.com);
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Préby sktadania VLP z otrzymanego rCP, poprzedzone zostaty analizg wzajemnych oddziatywan biatko-
biatko. Badania te przeprowadzone byty w celu weryfikacji, czy protokét sktadania VLP opracowany dla
natywnych biatek kapsydu BMV, oparty na podwdjnej dializie bedzie optymalny podczas sktadania VLP
z biatka rekombinowanego. W tym celu wykonalismy pomiary metodg termoforezy w skali mikro
(MST), ktére przeprowadzone zostaty przez Anne Urbanowicz z Instytutu Chemii Bioorganicznej PAN
w Poznaniu. Uzycie metody MST umozliwito uzyskanie informacji o wzajemnym powinowactwie rCP
na podstawie pomiaru predkosci ich migracji w gradiencie temperatur. Analiza MST wykazata, ze biatka
kapsydu BMV otrzymane w bakteryjnym systemie ekspresyjnym oddziatujg ze sobg silniej przy nizszych
stezeniach soli i przy nizszym pH, przy czym zmiany pH miaty na te oddziatywania wiekszy wptyw niz
stezenie NaCl’”®. Znaczenie pH dla oddziatywan rCP-rCP potwierdzone zostato poprzez reakcje
sieciowania rCP (cross-link). Mobilnos¢ elektroforetyczna produktéw reakcji sieciowania powstatych w
roznych pH rdznita sie znaczgco, co wskazuje na istotny wptyw pH na konformacje wzajemnie
oddziatujgcych biatek. Wszystkie te obserwacje stanowity cenng wskazéwke dla optymalizacji
protokotu sktadania VLP i byty zbiezne z doniesieniami innych badaczy dotyczacymi mechanizmu

sktadania wirusowych kapsydow?.

W badaniach prowadzonych nad sktadaniem VLP postanowilismy wykorzysta¢ drozdzowy tRNA
zaktadajgc, ze podobienstwo strukturalne do TLS genomowej czasteczki RNA wirusa BMV umozliwi
tRNA zainicjowanie sktadania VLP. Dodatkowo, niewatpliwg zaletg drozdzowego tRNA jest duza
stabilnos¢ oraz tatwa dostepnos¢, co jest szczegdlnie wazne na etapie optymalizacji protokotu. Proces
sktadania VLP z rCP otrzymanych w ekspresyjnym systemie bakteryjnym, podobnie jak w przypadku
sktadania go z CP pochodzacych z natywnego BMV, polegat na dwuetapowej dializie. Podejscie to
zastosowaliSmy na podstawie danych literaturowych popartych  wynikami  pomiaréw
powinowactwa*®®°, Dwie dializy miaty na celu kolejno: wzmocnienie elektrostatycznych oddziatywan
miedzy tRNA i rCP i wstepne ztozenie VLP oraz zwiekszenie sity hydrofobowych oddziatywan pomiedzy
podjednostkami rCP i ostateczne uporzagdkowanie catej struktury VLP. Dane literaturowe wskazuja, ze
elementem mocno wptywajgcym na wydajno$¢ sktadania kapsydu jest stosunek masowy CP do RNA®!,
Badania prowadzone na wirusie CCMV wskazaty na wartos¢ 4:1 (CP:RNA) jako optymalng do petnego
zapakowania genomowego RNA8L. Przeprowadzone przeze mnie eksperymenty sktadania VLP przy
roznych stosunkach masowych rCP:tRNA wskazaty na wartosci 4:1, 5:1 i 6:1, jako te, w ktdrych

enkapsydacja nastepowata najefektywniej. Do dalszych prac wybralismy stosunek rCP:tRNA 6:1.

W przypadku kapsydu BMV, tRNA moze byé istotnym czynnikiem inicjujgcym jego sktadanie®2. W

ramach prowadzonych badan, sprawdzilismy takze jak przebiega sktadanie kapsydu bez tRNA lub w
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obecnosci innego czynnika mogacego inicjowac ten proces. Podjelismy zatem proby sktadania pustych
VLP oraz VLP zawierajacych PSS. PSS to polimer posiadajacy ujemny tadunek dzieki grupom
sulfonowym, jednak nie wykazujacy stabilnej struktury drugo- i trzeciorzedowej, jaka mozemy
zaobserwowaé w genomowej czgsteczce RNA BMV. Skfadanie zaréwno pustego VLP jak i zawierajgcego
tRNA i PSS miato na celu zapoznanie sie z wptywem pakowanej czasteczki na strukture i mechanizm

sktadania kapsydu.

Réwnolegle do prowadzonych prac nad formowaniem VLP, prowadzilismy badania nad
wprowadzeniem zmian do sekwencji CP. Celem miato by¢ uzyskanie VLP o nowych wtasciwosciach.
Wraz z Karolem Kamelem zaprojektowalismy mutacje dwéch aminokwaséw w sekwencji kodujgcej
rCP: L w pozycji 123 na D oraz F w pozycji 183 na T. W natywnym kapsydzie oba wymienione wyzej
aminokwasy sg zaangazowane w hydrofobowe oddziatywania CP-CP. Wprowadzane zmiany w
zatozeniu miaty by¢ na tyle nieznaczne, zeby nie uniemozliwiaty sktadania kapsydu, a z drugiej strony,
by efekt ich wprowadzenia byt stosunkowo fatwo zauwazalny. Przeprowadzone in silico symulacje
zmutowanych biatek CP pokazaty, ze zmiana oddziatywan miedzy aminokwasami z hydrofobowych na
hydrofilowe, skutkowata ostabieniem sity oddziatywan rCP — rCP. Opisane substytucje wprowadzilismy
do sekwencji kodujacej rCP za pomocg metody PCR ze starterami niosgcymi mutacje. Procedura
produkcji i oczyszczania zmutowanego biatka przebiegata tak samo jak w przypadku rCP. Zmutowane

rCP uzywalismy nastepnie do sktadania VLP.

Uzyskane VLP: puste, z tRNA, z PSS, zaréwno te ztozone z rCP, jak i te zbudowane z jego zmutowanej
wersji, analizowalismy przy pomocy mikroskopii CryoTEM oraz techniki DLS. Zdjecia z mikroskopu
CryoTEM, wykonane przez Jakuba Jagielskiego i Grzegorza Nowaczyka, pracownikdw Nanobiocentrum
przy Uniwersytecie im. Adama Mickiewicza, potwierdzity obecnos¢ sferycznych czasteczek o wielkosci
zblizonej do obserwowanej dla wirusa BMV we wszystkich prébkach, za wyjatkiem VLP z PSS. Niestety
dla tych ostatnich nie udato nam sie otrzymaé mikroskopowych zdjec. Jednak analiza DLS wykazata w
probkach VLP z PSS obecnosé¢ sferycznych struktur o rozmiarach nieco mniejszych niz $rednica

natywnego BMV.

Analiza zdje¢ z mikroskopu CryoTEM wykazata, ze puste czgsteczki VLP, zaréwno ztozone z rCP (eVLP),
jak i z jego zmutowanej wersji (eMVLP), majg wiekszy zakres rozmiaréw niz analogiczne VLP z tRNA
(tVLP i tMVLPS). Szczegdlnie szeroki zakres wielkosci jest widoczny dla eMVLP. Pomiary wykonane na
podstawie zdjec¢ z mikroskopu CryoTEM wykazaty, ze rozmiary eMVLP miaty od 30 do nawet 80 nm
$rednicy. Dla poréwnania eVLP miaty $rednice w zakresie 20-65 nm. O strukturze eVLP decydujg
jedynie oddziatywania CP-CP. Brakuje w nich oddziatywan elektrostatycznych, ktére w naturalnych

warunkach zapewnia genomowy RNA wirusa. Dlatego ostabienie oddziatywan rCP-rCP poprzez
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wprowadzenie mutacji mogto skutkowac zaburzeniem catej struktury eMVLP, a w konsekwencji
powstaniem czastek o bardzo rdéinych rozmiarach, wsréd ktérych wiele charakteryzuje sie duig
$rednicg. Wydaje sie, ze mutacje oraz brak rdzenia we wnetrzu eMVLP mogg mie¢ rowniez wptyw na
proces sktadania kapsydu, poniewaz analiza zdje¢ z mikroskopu CryoTEM wykazata bardzo matg liczbe
ztozonych czgstek w pordwnaniu do pozostatych typdéw VLP. Brak tRNA w S$rodku czastki
wirusopodobnej wptywa na ostabienie catej konstrukcji VLP, jednak ogromny rozrzut wielkos$ci VLP w
populacji eMVLP, nawet w stosunku do pustej, niezmutowanej czasteczki VLP, podkresla znacznie
mutacji. Co wiecej, brak tRNA moze znaczaco obniza¢ efektywnos¢ procesu sktadania VLP ze
zmutowanych rCP. Co ciekawe eVLP zbudowane z niezmutowanych rCP, mimo braku RNA jako Zrddta
elektrostatycznych oddziatywan wewnatrz struktury kapsydu, przyjmujg rozmiary niewiele wieksze od
tVLP. Sugeruje to znaczacy udziat aminokwasdéw L123 i F183 w tworzeniu i utrzymaniu struktury VLP.
Mniejsze rozmiary tVLP mozna zinterpretowac jako efekt elektrostatycznych oddziatywan miedzy tRNA
a CP, ktdre konsolidujg catg czgstke. Podobne wnioski mozna wysnué dla tMVLP. Majg one rozmiary
bliskie tVLP i zdecydowanie mniejsze od eMVLP. Wielkos¢ wszystkich typow badanych VLP analizowana
byta réwniez za pomocg DLS. Wyniki uzyskane tg metodg potwierdzity ogélne wnioski ptyngce z analiz
zdjeé z mikroskopu CryoTEM. Co jednak ciekawe, technika DLS pozwolita przeanalizowaé PVLP i mPVLP,
czyli czastki wirusopodobne z enkapsydowanym PSS. Zaréwno PVLP jak i mPVLP wykazywaty
najmniejsze rozmiary wsrdd wszystkich typdw analizowanych VLP. Przyczyng takiego stanu rzeczy jest
najprawdopodobniej budowa PSS. Brak ustrukturyzowania przestrzennego czasteczki PSS, przy
jednoczesnym zachowaniu ujemnego tadunku powierzchniowego, mogt prowadzi¢ do wiekszego

upakowania VLP, a w konsekwencji do mniejszych rozmiaréw czastki.

Rozmiary poszczegdlnych typow VLP byly takze analizowane za pomoca metody DLS w gradiencie
temperatury, w zakresie 30-52 °C. Czastkami, ktore zachowaty swoje rozmiary przez cate powyisze
spektrum temperaturowe, byty tVLP. Ta obserwacja jeszcze raz potwierdza, ze czasteczka tRNA
zapewnia ujemny fadunek i strukture, ktore stanowg istotne czynniki silnie stabilizujgce VLP. Czastki
eVLP i PVLP sg bardziej podatne na zmiany temperaturowe. W populacji PVLP przy 44 °C, a dla eVLP w
45 °C, stopniach zaczynaly sie pojawiac agregaty o rozmiarach powyzej 100 nm srednicy. Potwierdza
to wczesniejsze obserwacje i wskazuje na ogromna role, jaka petni rdzen wewnatrz VLP. Jest on istotny,
nie tylko jako zrédto elektrostatycznych oddziatywan, ktdre czastka PSS zapewnia, ale wskazuje

rowniez na role struktury wyzszego rzedu, ktdrej, w przeciwienstwie do tRNA, PSS juz nie posiada.

Analiza rozmiaréw czastek MVLP w gradiencie temperatur wykazata pewne rdznice w stosunku do
populacji VLP ztozonego z rCP typu dzikiego. Wprowadzenie mutacji L123D i F183T ostabito
oddziatywania hydrofobowe miedzy rCP, co w efekcie wptyneto na obnizong stabilno$¢ termiczng

tMVLP. Z drugiej strony eMVLP zachowywaty standardowe rozmiary az do temperatury 51 °C, co
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mogtoby wskazywaé na zwiekszenie stabilnosci tej czastki w stosunku do eVLP. Zdobyte w tym
eksperymencie dane byty jednak zbyt skgpe, aby w petni odpowiedzie¢ na pytania o przyczyne réznic

w rozmiarach miedzy VLP i MVLP w réznych temperaturach.

Podsumowujac, wykorzystanie bakterii do produkcji CP BMV umozliwia nie tylko otrzymywanie rCP
zdolnych do samoorganizacji w VLP, lecz takze racjonalne projektowanie VLP poprzez wprowadzanie
mutacji. Przeprowadzone badania potwierdzity ogromne znaczenie wiasciwosci fizykochemicznych
enkapsydowanych nanoczastek dla struktury i stabilnosci VLP. Dodatkowo, analiza VLP z
wprowadzonymi przez nas mutacjami ujawnita istotnos¢ reszt L123 i F183 i hydrofobowych

oddziatywan, w ktdre te reszty sg zaangazowane, dla samosktadania i utrzymywania struktury kapsydu.
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4. PODSUMOWANIE

BMV od lat petni funkcje modelowego roslinnego wirusa RNA. To witasnie na jego przykfadzie ustalono
jak przebiega proces replikacji genomowych RNA i poznano podstawowe funkcje biatek wirusowych.
BMV byt takze wirusem, dla ktdrego po raz pierwszy zaobserwowano rekombinacje RNA oraz
zaproponowano jej mechanizm. Dzieki badaniom stanowigcym trzon niniejszej rozprawy doktorskiej
BMV staje sie takze uktadem modelowym w badaniach VLP. Stato sie to mozliwe miedzy innymi dzieki
stworzeniu przez nas nowej metody oczyszczania wirusa. Pozwala ona w sposdb prosty i wydajny
pozyskiwac duze ilosci wirusdw a przez to i biatek kapsydu. Niebagatelne znaczenie dla zastosowania
VLP jako nosnikdw nanoczastek miaty takze przeprowadzone analizy biofizyczne, w ramach ktérych
scharakteryzowano wptyw czynnikéw srodowiskowych takich jak pH, czy sita jonowa na strukture

kapsydu BMV.

Wyniki uzyskane w trakcie badan enkapsydacji nanoczgstek SPION dodatkowo ukazaty role jakg w
sktadaniu kapsydu odgrywa¢ moze zwigzek do niego pakowany. Stwierdzilismy miedzy innymi, ze
kluczowe znacznie ma nie tylko ujemny tadunek powierzchniowy pakowanej nanoczastki, ale takze
rodzaj funkcjonalizujgcej jg grupy chemicznej. Dobdr odpowiednich warunkéw srodowiskowych, takich
jak pH i sita jonowa buforu oraz witasciwa funkcjonalizacja pakowanej nanoczastki warunkuje

efektywny przebieg procesu samosktadania VLP.

Dodatkowo pokazalismy, ze uzycie bakterii do produkcji rekombinowanego CP otwiera nowe
perspektywy w badaniach VLP. Podejscie to nie tylko skraca czas potrzebny na uzyskanie biatek
tworzacych VLP, ale takze pozwala na ich modyfikacje, a wiec na tworzenie kapsyddéw wykazujgcych
rozne wtasciwosci. Prace dotyczace enkapsydacji tRNA i PSS oraz sktadania pustych kapsydéw
uwidocznity ogromny potencjat tRNA, jako czasteczki, bedacej elementem inicjujgcym pakowanie
innych nanoczgstek do VLP. Badania réznych wariantéw CP (natywnych, rekombinowanych oraz
mutantéw) ujawnity istotne znaczenie oddziatywan hydrofobowych zaréwno dla powstawania jak i

stabilizacji VLP.
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5-FU
Aa
ARM

ATR-FTIR

B2
BMV
CCMV
CcD

CHO

6. WYKAZ UZYWANYCH SKROTOW

— fluorouracyl (ang. fluorouracil);
— aminokwas (ang. amino acid);
— motyw bogaty w reszty argininowe (ang. arginine rich motive);

— spektroskopia ostabionego catkowitego odbicia w podczerwieni (z  transformacjg
Fouriera) (ang. attenuated total reflectance-Fourier-transform infrared spectroscopy);

— drugi osmotyczny wspétczynnik wirusowy (ang. osmotic second viral coefficient)
— wirus mozaiki stoktosy (ang. brome mosaic virus);

— wirus chlorotycznej plamistosci wspiegi (ang. cowpea chlorotic mosaic virus)

— dichroizm kotowy (ang. circular dichroism);

— komorki jajnika chomika chinskiego (ang. chinese hamster ovary);

COOH-PEG-PL - distearoilo-sn-glicero-3-fosfoetanoloamino-N-[karboksy(PEG)2000]

CcpP
CPMV

CryoTEM

DEAE-C
DLS
DHP
DOX
eVLP
eMVLP
EV71
FDA
gag

Gd
GFP
HBsAg

HBV

— biatko kapsydu (ang. capsid protein);
— wirus mozaiki wspiegi chinskiej (ang. cowpea mosaic virus);

— transmisyjna mikroskopia krioelektronowa (ang. transmission electron
criomicroscopy);

— dietyloaminoetyloceluloza (ang. diethyloaminoethyl cellulose)

— dynamiczne rozpraszanie $wiatta (ang. dynamic light scattering);

— fosforan diheksadecylu (ang. dihexadecyl phosphate);

— doksorubicyna (ang. doxorubicin);

— pusta czgstka wirusopodobna (ang. empty virus-like particle);

— pusta zmutowana czgstka wirusopodobna (ang. empty, mutated virus-like particle);
— enterowirus 71 (ang. enterovirus 71);

— Agencja Zywnosci i Lekdw (ang. Food and Drug Administration);

— antygen grupowy (ang. group-specific antygen);

— gadolin (ang. gadolinium)

— biatko zielonej fluorescencji (ang. green fluorescent protein);

— antygen powierzchniowy wirusa HBV (ang. hepatitis B surface antigen)

— wirus zapalenia watroby typu B (ang. hepatitis B virus);
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HCC — rak watrobowokomaérkowy (ang. hepatocellular carcinoma);
His-tag — polihistydynowy znacznik biatkowy

HIV-1 — ludzki wirus niedoboru odpornosci typu pierwszego (ang. human immunodeficiency
virus type 1)

HPV — wirus brodawczka ludzkiego (ang. human papilloma virus);

HSV — wirus opryszczki pospolitej (ang. herpes simplex virus);

Kz — kilo zasad —1000 nukleotydow;

McC - metoda Monte Carlo;

MP — biatko odpowedzialne za rozprzestrzenianie BMV w zakazonej ro$linie (ang.
movement protein);

MRI — rezonans magnetyczny (ang. magnetic resonance imaging)

MST — termoforeza w skali mikro (ang. microscale thermophoresis);

nt — nukleotyd (ang. nucleotide);

NusA — biatko fuzyjne uzywane w wektorach do zwiekszania rozpuszczalnosci biatka

docelowego (ang. N utilization substance A);

NMR — jgdrowy rezonans magnetyczny (ang. nuclear magnetic resonance)

PAMP — wzorce molekularne zwigzane z patogenami (ang. pathogen-associated molecular
patterns);

PCV3 — cirkowirus swin typ 3 (ang. Porcine circovirus 3);

PEG — glikol polietylenowy (ang. polyethylene glycol);

PET — pozytonowa tomografia emisyjna (ang. positron emission tomography)

PSS — siarczan polistyrenu (ang. polystyrene sulfonate);

PMVLP — zmutowana czastka wirusopodbna zawierajgca wewnatrz kapsydu PSS;

PVLP — czastka wirusopodobna zawierajgca wewnatrz kapsydu PSS;

PVY — wirus ziemniaka Y (ang. potato virus Y)

rCP — rekombinowane biatko kapsydu (ang. recombined capsid portein);

RSV — syncytialny wirus oddechowy (ang. respiratory syncytial virus)

RCNMV — wirus nekrotycznej mozaiki koniczyny czerwonej (ang. red clover necrotic mosaic
virus)

SARS CoV2 — drugi koronawirus ciezkiego ostrego zespotu oddechowego (ang. severe acute

respiratory syndrome coronavirus 2);
SEC — sgczenie molekularne (ang. size exclusion chromatography);

sgRNA 4 —subgenomowy RNA 4;

35



SLS — statyczne rozpraszanie Swiatta (ang. static light scattering);

SPION — superparamagnetyczne nanoczastki tlenku zelaza (ang. superparamagnetic iron
oxide nanoparticles);

SP94 — peptyd wystepujacy w komadrkach raka watrobokomdrkowego;

SQUID — urzadzenie do pomiaru natezenia pola magnetycznego (ang. superconducting
quantum interference device);

Ss — jednoniciowy (ang. single stranded);

TAA — antygeny powigzane z nowotworem (ang. tumor associated antigens);
TBSV — wirus krzaczastej kartowatosci pomidora (ang. tomato bushy stunt virus)
TCV — wirus kedzierzawosci rzepy (ang. turnip crinckle virus)

TEV protease — proteaza pochodzgca z wirusa TEV;

TLS — struktura tRNA-podobna (ang. tRNA-like structure);

TMV — wirus mozaiki tytoniu (ang. Tobacco mosaic virus);

tVLP — czgstka wirusopodobna zawierajgca wewnagtrz kapsydu tRNA,;

tMVLP — zmutowana czastka wirusopodobna zawierajgca wewnatrz kapsydu tRNA;
VLP — czastka wirusopodobna (ang. virus-like particle);

VNP — nanoczastka wirusowa (ang. viral nanoparticle);

WZWB — wirusowe zapalenie watroby typu B (ang. Hepatitis B)
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7. ZAtACZNIKI

. Oswiadczenia o wktadzie pracy kandydata w artykuty zawarte w

rozprawie doktorskiej.

. PUBLIKACJANR 1.

Biophysical analysis of BMV virions purified using a novel method.

. PUBLIKACJA NR 2.

The influence of ligand charge and length on the assembly of Brome mosaic virus

derived virus-like particles with magnetic core.

. PUBLIKACJA NR 3.

Virus-Like Particles Produced Using the Brome Mosaic Virus Recombinant Capsid

Protein Expressed in a Bacterial System.
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ARTICLE INFO ABSTRACT

Brome mosaic virus (BMV) has been successfully loaded with different types of nanoparticles. However, studies
concerning its application as a nanoparticle carrier demand high-purity virions in large amounts. Existing BMV
purification protocols rely on multiple differential ultracentrifugation runs of the initially purified viral pre-
paration. Herein, we describe an alternative method for BMV purification based on ion-exchange chromato-
graphy and size-exclusion chromatography (SEC) yielding 0.2 mg of virus from 1 g of plant tissue. Our method is
of similar efficiency to previously described protocols and can easily be scaled up. The method results in high-
quality BMV preparations as confirmed by biophysical analyses, including cryogenic transmission electron mi-
croscopy (cryo-TEM), dynamic light scattering (DLS), static light scattering (SLS), and circular dichroism (CD)
measurements and attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) spectroscopy.
Our results revealed that purified BMV capsids are stable and monodisperse and can be used for further
downstream applications. In this work, we also characterize secondary structure and size fluctuations of the BMV
virion at different pH values.

Keywords:

Brome mosaic virus

Circular dichroism

Fourier transform infrared spectroscopy
Cryogenic transmission electron microscopy
Light scattering

pathogenic for humans. Second, viral capsids self-assemble from coat
protein monomers, which can be useful during nanoparticle packing

1. Introduction

Currently, medicine strongly cooperates with biotechnology and
nanotechnology. Although many novel nanomaterials have medical
applications, the accurate delivery of these substances remains pro-
blematic. Site-specific delivery not only increases the efficacy of drugs
but also decreases the side-effects of the therapy and is crucial for
targeted therapy, in which the treatment is customized for each patient.
In this approach, there is a need for an appropriate carrier of drugs and
materials. Such a carrier should be stable enough to transport guest
molecules, to specifically recognize the target tissue, and to release the
cargo at the destination. Virus-like particles (VLPs), especially those
based on plant viruses, seem to have many of these desirable features.
First, unlike animal or human viruses, plant virus-based VLPs are not

[1,2]. Furthermore, disassembling and reassembling the capsid is not
the only way to load the nanoparticles inside the VLP. Smaller nano-
particles can be loaded or released through pores in the capsid during
capsid swelling, which depends on the physicochemical conditions of
environment. By adjusting the pH and ion concentration, it is possible
to control the opening and closing of the pores and to release the cargo
at a specific place [1,3]. The simple, uniform construction of the capsids
and the various capsid sizes and shapes mean that plant viruses are
promising candidates for use as nanoparticle carriers [4]. Finally, the
production of the capsids is relatively cheap and fast.

Brome mosaic virus (BMV) is a good candidate for use as a nano-
particle carrier since it shows all of the abovementioned features and is

Abbreviations: BMV, brome mosaic virus; VLP, virus-like particle; cryo-TEM, cryogenic transmission electron microscopy; CD, circular dichroism; ATR-FTIR, attenuated total reflection
Fourier transform infrared spectroscopy; DLS, dynamic light scattering; SLS, static light scattering
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one of the best known model plant viruses [5-8]. BMV is a positive-
sense RNA plant virus of the Bromoviridae family and the Bromovirus
genus [9]. The BMV genome is composed of three positive-sense single-
strand RNAs [10-12]. The 3.2-kb RNA1 and the 2.9-kb RNA2 are
packed into separate capsids, while RNA3 (2.1 kb) and sgRNA4 (1 kb)
are co-packed into one capsid [13]. Monocistronic RNA1 and RNA2
encode 1a and 2a proteins, respectively, which are responsible for virus
replication [14]. Dicistronic RNA3 encodes movement protein (MP) and
coat protein (CP). MP is translated directly from RNA3 or from sub-
genomic RNA3a, and CP undergoes translation from subgenomic RNA
(sgRNA4), which is transcribed from RNA3 [7,15]. All BMV RNAs have
a cap at the 5’UTR and a conservative 3’'UTR, except for RNA3a, which
terminates with a polyA tail. However, the 3'UTR is a conservative
region, and all BMV RNAs have functional differences in their structures
[16]. The 3’ UTR takes part in many important BMV processes, such as
translation, minus-strand RNA synthesis and encapsidation [16]. The
3’UTR sequence forms a tRNA-like structure (TLS), which plays a cru-
cial role during capsid assembly but also contains a recognition site for
viral replicase [17-20]. Rao et al. have confirmed that the BMV 3’ TLS
is very important for specific virion assembly and that when this frag-
ment is lacking, virion assembly fails [21]. The functions of various
fragments of the BMV genome in RNA replication and recombination
have been characterized [16,20,22].

For successful plant infection, all 3 BMV genomic RNAs are needed
[12]. The molecular weight of the BMV virion is 4.6 MDa, and its
diameter is approximately 28 nm. The BMV capsid has a T = 3 icosa-
hedral construction and comprises 180 19.4-kDa CP monomers [19].
The polypeptide chain of CP consists of 189 amino acids and adopts one
of three conformations, A, B or C, which form characteristic config-
urations during capsid construction [19]. A subunits form 12 pentamers
while B and C subunits form 20 hexamers [23,24]. Hexamer config-
uration is important for the T = 3 structure, and mutations in the CP
sequence that alter this configuration result in aberrant capsid assembly
[25]. CP plays many roles in the BMV life cycle. Apart from its struc-
tural function, CP is required for viral RNA replication and regulates
RNA1 and 2 translation [26-28]. The CP monomer is a globular protein
with a characteristic N-terminal arm, which is directed toward the in-
side of the capsid. The first 25 amino acids of the N-terminal arm
contain an arginine-rich motive (ARM) where, besides arginine, few
other positively charged amino acids are present [19]. ARM is re-
sponsible for electrostatic interactions with negatively charged viral
RNA that are essential for appropriate BMV virion assembly. In natural
BMV populations, no empty BMV capsids have been detected
[19,23,29]. Mutated forms of CP devoid of an N-terminal arm assemble
into T = 1 capsids in vitro, and these are incapable of infection [19,30].
The C-terminus is another important part of CP because it interacts with
the neighboring subunits in the capsid. However, these protein — pro-
tein interactions are weaker than the interactions between RNA and CP.
Although BMV virions are structurally indistinguishable by transmis-
sion electron microscopy, several physicochemical and structural dif-
ferences occur, which are related to the encapsidated RNA - capsid
interaction [31]. According to Kao et al., different parts of the inner
surface of the capsid bind different parts of each viral RNA, thus al-
tering virion stability. The structural heterogeneity of the virions is
functionally relevant because it allows the gradual release of RNAs and
regulates the viral gene expression profile during different stages of
viral infection [31].

BMV has already been successfully used as a carrier for various
nanoparticles. Dragnea et al. have shown that BMV-based VLPs are
functional vessels for gold nanoparticles of various diameters [32-34].
The most effective VLP formation was obtained when gold nano-
particles were coated with polyanions, such as carboxylated poly-
ethylene glycol [35]. BMV capsids are flexible enough to adopt different
conformations depending on the size of the core [35]. In addition to
gold, other nanoparticles have been incorporated into BMVs. Huang
et al. has reported the use of BMV-based VLPs with spherical and cubic
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iron oxide cores [36,37]. Dragnea et al. reported that the BMV capsid is
able to carry quantum dots, which can be used as luminescent biop-
robes [38]. In addition, Jung et al. demonstrated the encapsulation of a
chromophore, indocyanine green, into empty BMV capsids [39]. The
preparation of BMV-based VLPs demands large amounts of high-purity
capsids. All previous reports described BMV preparations that were
purified by differential ultracentrifugation using sucrose or cesium
chloride gradients. In this work, we present an efficient method of
obtaining BMV of high purity and quality; this method is an easier al-
ternative to existing methods that are based on ultracentrifugation in
cesium chloride solutions [14,31]. The produced BMV capsids show
high monodispersity and structure-environment dependency, features
that are crucial for VLP formation.

2. Materials and methods
2.1. BMV propagation, extraction and purification

Two-week-old Hordeum vulgare plants were inoculated with a BMV
preparation. The plants were maintained in a growth chamber at 22 °C,
40% humidity and a 16/8 photoperiod. BMV virions were extracted at
14 dpi [5,6]. Briefly, frozen leaves were homogenized in liquid nitrogen
and macerated in virus extraction buffer ((0.5M sodium acetate
(Sigma), 0.3M boric acid (ICN Biomedicals), 0.01 M magnesium
chloride (Sigma), pH 4.5)). The mixture was subjected to chloroform
(Chempur) extraction and the virus was then precipitated from the
aqueous phase with PEG 8000 (Bioshop). Viral pellets were dissolved in
1 x L buffer ((0.01 M disodium phosphate (Sigma), pH 7.5)) and cen-
trifuged at 16.000g for 5 min at 4 °C to remove plant tissue remains [5].
Next, the supernatant was purified by ion-exchange chromatography
using diethylaminoethyl cellulose (Sigma) packed in a sc-205558
column (2.5cm x 10 cm, CrystalCruz) and equilibrated with 1xL
buffer containing 5% glycerol (Carl Roth). Glycerol was also added to
the virus solution to a final concentration of 5% before loading the
column. The virions were washed and eluted with 1 x L buffer con-
taining a sodium chloride (Carl Roth) gradient (0.01 M disodium
phosphate, 5% glycerol; sodium chloride gradient: 0.05M, 0.1 M,
0.2M, 0.3M, 0.4 M and 0.5 M). Virus-containing fractions were col-
lected and concentrated using an Amicon Ultra Filter 100 kDa (Merck
Millipore) to a 2-ml volume. An additional purification step used size-
exclusion chromatography (SEC) on a prepacked HiPrep 16/60 Se-
phacryl S-500 High-Resolution column (GE Healthcare) equilibrated
with phosphate-buffered saline (PBS) (BioShop) and yielded a homo-
genous virus fraction. Finally, virus-containing fractions were con-
centrated using an Amicon Ultra Filter 100 kDa (Merck Millipore). The
concentration of the virus in the filtrate was determined by measuring
the absorbance at 260 nm using a BioPhotometer (Eppendorf) and
taking into account a molar extinction coefficient of & = 5.15
(ecm ™' mg~! ml) [40,41]. The polydispersity and hydrodynamic radius
(Ry,) of the virions were determined by dynamic light scattering (DLS)
using a Zetasizer uV (Malvern Instruments). The measurements were
performed immediately after the concentration step using a 3-pl sample
in a quartz cuvette with a 1-cm path-length (Hellma 105.231-QS).

2.2. Structural characterization by cryogenic transmission electron
microscopy (cryo-TEM)

A droplet (5 pl) of the sample solution was placed on hydrophilized
(60 s plasma treatment at 8 W using a BALTEC MED 020 device, Leica
Microsystems), perforated carbon-filmed grids (R4/1 batch of
Quantifoil Micro Tools GmbH). Excess fluid was blotted off to create an
ultra-thin layer (typical thickness, 200-300 nm) of the solution, which
spanned the holes of the support film. The prepared samples were im-
mediately vitrified by propelling the grids into liquid ethane at its
freezing point (-184 °C). The vitrified sample grids were transferred
under liquid nitrogen using a Gatan (Pleasanton, CA) cryo-holder
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(Model 626) into a Tecnai F20 TEM (FEI company, Oregon, USA)
equipped with FEG and operated at an acceleration voltage of 160 kV.
Microscopy was carried out at —175 °C (sample temperature) using the
microscope’s low dose protocol at calibrated primary magnifications of
50k. The defocus was set at 3.98 pm. Images were recorded using a 4k-
Eagle CCD camera (FEI Company) at 2k resolution (binning 2).

2.3. Attenuated total reflection fourier transform infrared spectroscopy
(ATR-FTIR)

Samples for the spectroscopic determination of the secondary
structure of the virus were prepared in phosphate buffer (0.01 M) at pH
5.6, 6.4, 7.4 and 8.4. Dialysis (24 h) from PBS buffer to phosphate
buffer was performed to achieve solutions with a broad range of pH
values. Samples were prepared twice for each pH. FTIR measurements
were performed on a TENSOR 27 spectrometer (Bruker Optics)
equipped with a three-reflection ATR system with zinc selenide (ZnSe)
crystal. Data were collected at a resolution of 4 cm™! and, 256 scans
were collected for each run. All samples were measured at least three
times. Background buffer correction (buffer without protein) was per-
formed using OPUS spectrometer software. Subtractions, baseline cor-
rections and Fourier self-deconvolutions of the region from 1590 cm ™!
to 1700 cm ™ ! were also performed in OPUS to analyze the amide I band
regions. The positions and areas of individual bands and fractions of the
total area in the amide I band region were determined using PeakFIT
software to calculate the secondary structure content of the virus
(Supplementary Fig. 3). Peak positions and fractions calculated for all
spectra collected at the same pH were averaged. The standard devia-
tions of these values were also calculated.

2.4. Circular dichroism (CD)

CD spectra were collected using a J-815 CD spectrometer (JASCO)
equipped with a Peltier thermostat-based temperature-controlled cell
holder. Virus solution (0.025 mg/ml) in buffer (0.01 M sodium phos-
phate and 0.14 M NaF at pH 5.6, 6.4, 7.4, or 8.4) was analyzed in a 1-
cm quartz cuvette (Hellma 100-QS). Each CD spectrum was generated
based on 10 scans using continuous scanning mode with a scanning
speed of 50 nm min~%, a 1-nm bandwidth, a 0.1-nm data pitch, and a
data integration time of 1 s. Data were collected at wavelengths in the
range from 190 to 300 nm. The spectra were analyzed using the
CONTIN algorithm (available on the DichroWeb server) after proces-
sing with the Jasco Spectra Manager software (background correction).
References set in the range from 190 to 240nm were used
(Supplementary Fig. 2.). The normalized root mean square deviation
(NRMSD) for each CD spectrum analysis was less than 0.1. CD data are
presented in terms of ellipticity (in millidegrees; mdeg) or as the mean
residue ellipticity ([8]yrw in deg cm? dmol ™).

2.5. Light scattering measurements

Static and dynamic light scattering (SLS and DLS) measurements
were recorded using a Zetasizer uV instrument (Malvern Instruments).
The measurements were performed at a wavelength A = 488 nm and at
a 90° incidence angle of the light beam; a 2-ul quartz cuvette was used,
which was maintained at 293 K using a thermostat. The concentration
range of BMV virus was 0.1-1.2 mg/ml. Twelve measurements were
performed for each concentration. The hydrodynamic radius (Ry,) was
assessed based on the DLS measurements using the Stokes-Einstein
equation:

—_— kT .

h = 6m‘)—D’
where k is Boltzmann’s constant, T is the absolute temperature, n is the
solvent viscosity, and D is the translational diffusion coefficient [42].
The molecular weight (M,,) and osmotic second virial coefficient
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(B2,) were determined from the Debye plot based on the SLS results
according to the following formula:

Kc 1
M_ + ZBzzc,

W

R

where R is the excess Rayleigh scattering of the saline protein solution
beyond that of the aqueous salt solution (Rayleigh ratio), K is the light
scattering optical constant, and c is the protein concentration.

The optical constant K was determined from the solution scattering
properties according to the following formula:

wln)]

K=
)\,4NA

where A is the wavelength of the incident light, n is the refractive index
of the protein solution, ny is the refractive index of the solvent, and Ny
is Avogadro’s number [42,43].

3. Results and discussion
3.1. BMV propagation and purification

Here, we applied for the first time a three-step BMV purification
procedure including the standard virus extraction protocol elaborated
by Bujarski [44] (I); ion-exchange chromatography (II); and SEC (III).
Existing methods utilize 2-3 cycles of differential ultracentrifugation
after step (I) [45,46]. Purified BMV virions in PBS had an average
diameter of 31.02 * 5.46 nm, and the solution was 100% mono-
disperse, as indicated by DLS measurements (Supplementary Fig. 1.). To
further characterize the BMV samples, we used cryo-TEM imaging
(Fig. 1). The observed BMV preparations appeared as intact icosahedral
virions with an average diameter of 29.4 + 1.7 nm. The image was
processed using ImageJ software, and 100 virions were analyzed to
determine the size of the BMV virion. Despite the high concentration of
the samples, no aggregates or virion decay products were detected.

The total efficiency of our purification procedure was 0.2 mg of
BMV per 1 g of infected barley leafs. No published data are available on
the total efficiency of BMV purification using ultracentrifugation-based
methods, but the average efficiency for other plant viruses purified

Fig. 1. Cryo-TEM image of BMV in PBS. The observed BMV intact icosahedral virions
have an average diameter of 29.4 + 1.7 nm (based on 100 virions).



A. Strugata et al.

0.0014 T T T T T T

0.0012 E
0.0010

0.0008

Kc/R

0.0006 -

0.0004

0.0002

0.2

T T T
0.4 0.6 0.8 1.0 1.2

Concentration [mg/ml]

Fig. 2. Debye plot for BMV. SLS measurements were performed at four pH values at virus
concentrations ranging from 0.1-1.2 mg/ml. The molecular weight of BMV was de-
termined from the Debye plot as 4.6 MDa, as described in Materials and methods. Black
squares indicate pH 5.6, red dots indicate pH 6.4, blue triangles indicate pH 7.4, and dark
cyan triangles indicate pH 8.4. The osmotic second virial coefficient B,, calculated for
each pH is presented in Table 1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

using this method is similar (0.08-0.3 mg of virus per 1g of plant
tissue) [47,48]. The advantage of our protocol over the previous
method is that it is easily scaled up to produce higher virus yields
[49,50]. The chromatographic protein purification methods have been
widely used in the biotechnology industry; for example, in the pro-
duction of antibodies or serum protein-based products [51]. Thus, the
application of our protocol might accelerate studies on further appli-
cations of BMV in different fields of nanotechnology and other sciences.

3.2. Biophysical characterization of the BMV virions

We used dynamic and static light scattering to characterize the
purified BMV virions. Debye plots based on SLS measurements showed
that the M,, of the virus is approximately 4.6 MDa, a constant value that
is independent on the solution pH (Fig. 2). These results are consistent
with the data published by Bockstahler concerning the biophysical
properties of BMV [40]. The lack of a change in the molecular weight
indicates that the isolation and purification procedures presented in this
work do not affect the integrity of the BMV virions.

It has been proposed that viral capsids react to pH changes via
structural rearrangements. Plant virus persistence at low pH in the guts
of insect carriers is determined by capsid stability, while the replication
cycle in plant cells is initiated at higher pH after capsid swelling and the
release of the genetic material into the host cell [52-55]. During
swelling at higher pH, deprotonation at specific sites in the capsid
protein induces electrostatic repulsions among them and genomic RNA
as well as further dissociation that leads to the release of the 5 end of
genomic RNA into the host cytoplasm [53]. The swelling of viral cap-
sids has been observed for many plant viruses, including Tomato Bushy
Stunt Virus (TBSV), Turnip Crinkle Virus (TCV) and Cowpea Chlorotic
Mottle Virus (CCMV) [56-58]. CCMV, which belongs to the Bromo-
viridae family, is very similar to BMV (70% identity to the CP amino
acid composition). CCMV virions are stable at pH values in the range
from 3 to 6 under low ionic strength (I ~ 0.1 M), and they undergo
swelling; their size increases by approximately 10% when the pH is
increased above 7 [59].

The radial expansion of BMV virions with increasing pH was re-
ported over 50 years ago; however, this phenomenon has not been
studied in detail [54]. To determine how BMV capsids are influenced by
pH changes, we conducted a series of assays. First, virion size was as-
sessed using DLS measurements at various pH values. According to our
observations, BMV diameter changes are correlated with increases in
pH, ranging from 29.06 nm at pH 5.6-31.08 nm at pH 8.4 and the
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Table 1

Dependence of BMV diameter (Do) and the osmotic second virial coefficient (B,,) on the
pH of the solution. The BMV diameter was assessed based on the DLS measurements using
the Stokes-Einstein equation. The osmotic second virial coefficient B,, was determined
from the Debye plot based on the SLS results, as described in Materials and methods. The
diameter measurement errors are shown in brackets.

pH Do [nm] By, [mol ml/mg?]
5.6 29.06 ( + 0.55) 4.7695 x 10~*
6.4 29.17 ( # 0.40) 3.1725 x 1074
7.4 30.99 ( = 0.50) 1.3929 x 10~4
8.4 31.08 ( * 0.56) 0.8325 x 107
£
=
S
[
9
g [
S 29 2
a
1 |
28 m pH=56 A pH=74
e pH=64 v pH=84
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Concentration [mg/ml]

Fig. 3. Dependence of BMV diameter on solution pH. The diameter of BMV at con-
centrations ranging from 0.1 to 1.2 mg/ml was assessed through DLS measurements at
different pH values according to the Stokes-Einstein equation, as described in Materials
and methods. Black squares indicate pH 5.6, red dots indicate pH 6.4, blue triangles
indicate pH 7.4, and dark cyan triangles indicate pH 8.4. BMV diameter at zero con-
centration is presented in Table 1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

swelling involves an approximately 7% increase of diameter (Table 1,
Fig. 3). Similarly, Kaesberg et al. showed that the BMV virion diameter
at pH 6 was 27 nm and that this increased to 31 nm at pH values above
7 [54]. Slight differences among the BMV virion dimensions assessed by
Kaesberg et al. and our results could be due to the different techniques
used to measure BMV size and differences in the buffer in which BMV
was suspended. Our DLS results include the hydrodynamic layer of the
measured particle, which results in a slightly higher value for the par-
ticle diameter compared to X-ray scattering, which was used by Kaes-
berg et al. On the other hand, Nikitin et al. reported a BMV capsid
diameter of 32.1 *= 0.6 nm in acetate buffer at pH 4.5 [60]. However,
as they noted, DLS measurements can be influenced by aggregates or
contamination of the sample resulting in enlarged diameters of BMV
virions at low pH [60]. The BMV purification procedure presented in
our work includes size-exclusion chromatography, which eliminates
aggregation products and results in a monodisperse sample.

Literature data indicate that the isoelectric point of the BMV virus
occurs at pH 6.8 [61], but other reports have linked differences in virus
physiochemical properties with plant host-specific posttranslational
modifications [62]. These data suggest that BMV from Hordeum vulgare
has an isoelectric point at pH 6.4. Our DLS results revealed that the
greatest enlargement in BMV diameter (by approximately 2 nm) oc-
curred between pH 6.4 and 7.4 (Fig. 3, Table 1). This enlargement
might be a consequence of changing the capsid protein net charge from
neutral at pH 6.4 to negative at pH 7.4, thus increasing the repulsive
forces among the capsid protein units and negatively charged genomic
RNA.

The osmotic second virial coefficient (B,s) is calculated based on
SLS results and describes the interactions among particles in solution,
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Fig. 4. CD spectra of BMV at different pH values and 20 °C. Each CD spectrum was
generated based on 10 scans, as described in Materials and methods. The black line in-
dicates pH 5.6, the red line indicates pH 6.4, the blue line indicates pH 7.4, and the dark
cyan green line indicates pH 8.4. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

thus providing insight into the self-assembly or aggregation of viruses
[63]. Bos calculated for BMV at different pH values had positive values,
indicating the presence of repulsive interactions among the BMV vir-
ions. The decrease of B,, values is correlated with increasing pH and
indicates a decrease in repulsive interactions at higher pH, thus de-
creasing of the thickness of virion hydration shell [64] (Table 1). This
confirms that the enlargement of the BMV virions in association with
increasing pH as recorded by DLS is caused by capsid swelling rather
than an expansion of the hydration shell. The B,, assessments presented
by others also show that it decreases with the pH increase [65].

According to crystallographic studies, Mg>* ions are coordinated by
water bridges with Glu®*, Thr'*® and Asp'*® from A, B and C CP trimer
subunits and stabilize the BMV capsid structure, in which Glu®* con-
stitutes a part of the a-helix [23]. Thus, the lack of Mg?* ions or pH
changes may contribute to virion secondary structure content. To learn
more about the structural changes within the BMV capsid during its pH-
dependent swelling, we performed CD spectroscopic measurements
(Fig. 4). Table 2 presents the impact of pH changes on the secondary
structure content of the capsid protein, which is rather minimal. Ac-
cording to our results, approximately 23.9% of the protein structure at
pH 5.6 comprises [3-sheets. This percentage increases to 26.0% at pH
8.4. The a-helix content is 24.0% at pH 5.6 and 21.0% at pH 8.4. j3-
turns comprise 25.3% of the secondary structure at pH 5.6 and 25.0% at
pH 8.4. The level of structural disorder in the capsid increases from
26.8% at pH 5.6-28.0% at pH 8.4.

The structural changes of the BMV capsid were also monitored using
ATR-FTIR spectroscopy. At pH 5.6, there was 17.9 = 2.8% a-helix,
38.7 = 5.6% p-sheet, 20.0 = 3.8% p-turns and 23.4 = 2.1% un-
ordered structures. In phosphate buffer at pH 6.4, the BMV virus had a
somewhat large a-helix content, 19.7 = 1.6%, while the content of [3-
sheet (in contrast to the same structures at other pH values) reached its
lowest value of 32.1 *+ 3.3%. The content of 3-turns (25.1 * 2.9%) at
this pH is the highest over the entire pH range. Unordered structures

Table 2
Secondary structure content of the BMV capsid at different pH values calculated from CD
spectra. The percentage of the particular secondary structures was assessed using the
CONTIN algorithm available on the DichroWeb server using references set in the range
from 190 to 240 nm, as described in Materials and methods (see also Supplementary
Fig. 2).

pH a-helices B-sheets B-turns unordered
8.4 21.0% 26.0% 25.0% 28.0%
7.4 22.0% 25.8% 24.1% 28.1%
6.4 24.3% 25.2% 26.1% 24.4%
5.6 24.0% 23.9% 25.3% 26.8%
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Table 3

Secondary structure content of the BMV virus at different pH values calculated using ATR-
FTIR spectroscopy. To calculate the secondary structure content of the virus, the positions
and areas of individual bands and fractions of the total area in the amide I band region
were determined using PeakFIT software, as described in Materials and methods (see also
Supplementary Fig. 3).

pH a-helices B-sheets B-turns unordered
8.4 20.4% 40.6% 19.8% 19.3%
7.4 16.5% 42.0% 21.8% 19.7%
6.4 19.7% 32.1% 25.1% 20.2%
5.6 17.9% 38.7% 20.0% 23.4%

reached 20.2 + 2.6% at pH 6.4. At physiological pH, the secondary
structural contents were as follows: 16.5 * 0.6% a-helix,
42.0 = 4.0% p-sheet, 21.8 = 3.5% p-turns and 19.7 *= 3.8% un-
ordered structures. At pH 8.4 the a-helix content (20.4 = 4.6%)
reached its highest level over the entire pH range, while p-sheets
comprised 40.6 * 5.3%, [-turn content reached its lowest value of
19.8 = 5.4%, and unordered structures comprised 19.3 = 3.3%.
Overall, the B structure content underwent the widest range of changes
(by 9.9%) with the lowest value of 32.1 *+ 3.3% at pH 6.4 and the
highest value of 42.0 = 4.0% at pH 7.4 (see Table 3).

CD measurements show that the contents of particular secondary
structures in the BMV capsid are not strongly influenced by pH; most of
the observed changes were less than 5%, while significant structural
changes were recorded by ATR-FTIR at pH 6.4. These differences in the
ATR-FTIR spectra may be because the isoelectric point of the BMV virus
occurs at approximately pH 6.4 [62]. Changing the net charge to neu-
tral can influence the apparent rearrangement in the secondary struc-
tures of the protein at this pH. The percentage secondary structure
contents of the BMV protein in the solutions over the entire pH range
showed large differences, especially the [-sheet contents. These
changes may be associated with the observed BMV swelling at pH va-
lues above its isoelectric point [61]. However, it is also likely that the
various amounts of B-sheet structures at the various pH values may be
caused by additional contributions from vibrations of the amino acid
side chains located near the band at 1628-1629 cm ™! [66].

On the other hand, the crystallographic structure of the BMV virion
(at pH 5.2 and Mg>" ions presence) shows approximately 10.23% a-
helix and approximately 20.81% p-sheet contents [23]. The differences
in secondary structure content determined by the different methods
could result from the use of different buffers and the virus concentra-
tion used. The buffer used for ATR-FTIR had 5-fold lower ionic strength
than that used for the CD measurements. Both solutions were bereft of
divalent ions. Mg?™" ions were present in the crystallization buffer, and
this might be responsible for the more compact capsid structure since,
as noted earlier, Mg®* ions interact with amino acids involved in an a-
helix structure. In our analysis, BMV is in solution, and the virus is in its
native state in which the protein structure can fluctuate.

4. Conclusion

The purification procedure presented in this work allows BMV to be
obtained for use for further applications. Biophysical analysis of BMV
over the physiological pH range revealed a high integrity and stability
of the virus. The purified BMV virions were capable of responding to
alterations in pH in the same manner as that obtained via other
methods. Interestingly, the recorded DLS and FTIR data reveal that the
most significant structural changes in the virions occurred between pH
6.4 (the isoelectric point for BMV produced in H. vulgare) and pH 7.4. A
knowledge of BMV swelling and the secondary structure analysis may
be useful for improving the application of the BMV capsid as a carrier
for nanoparticles. Finally, our protocol might be easily adapted for
larger-scale purification and applicable to the purification of other plant
viruses of similar capsid size.
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SUPPLEMENTARY DATA

Biophysical analysis of BMV virions purified using a novel method
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Supplementary Figure 1. Exemplary DLS measurement data on BMV after SEC. BMV virions in PBS
had 31.02 + 5.46 nm diameter and the solution was 100% monodisperse.
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Supplementary Figure 2. Experimental CD spectrum (black line) and fit (red line) determined with
Contin algorithm available on Dichroweb server, collected and generated for BMV. Experimental
data refers to measurement at pH 8.4. The experimental data were processed using references set in
the range from 190 to 240 nm.
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Supplementary Figure 3. An example of a deconvoluted FTIR spectrum in the region of amide I. The
analysis of FTIR spectral region of amide | at different pHs revealed fitting of eight peaks which can be
associated with the secondary structure of the protein backbone. Peaks which appeared in region
1701.1 £ 2.2 -1701.9 + 1.8 cm* were assigned to B-sheets [S.1,67]. Bands 1667.7 + 2.5 —1669.2 + 3.9
cm?, 1679.1 + 4.5 — 1680.3 + 2.1 cm™ and 1685.0 + 0.5 — 1691.0 + 1.1 cm™® were established as
vibrations from B-turn structures [S.2,67]. Peaks from region 1658.5 + 2.2 — 1659.1 + 1.6 cm™ were
determined as vibrations from a-helix structures [S.1,5.2,64]. Unordered structures were related with
vibrations at wavenumbers 1646.9 + 2.1 — 1649.0 + 1.5 cm™ [S.1,5.3,67]. Two last peaks from fitted
regions 1638.7 + 1.0 -1640.1 + 0.7 cm™ and 1628.0 + 0.9 — 1629.5 + 1.2 cm ! were assigned to B-sheets
structures [S.1,5.3,67]. Bands matching of specific structures vary depending on the pH. These
differences hovering around in the range of 1 - 3 cm™. Bands from region 1610 - 1620 cm™* which were
also visible on the spectra probably derived from vibrations of amino acids side chains [67]. Peak
located near 1602 cm™ may be linked with ring vibration from tyrosine [67]. FTIR spectrum is
represented by the black line. Fitted bands derived from Gaussian curve-fitting, which are correlated
with the vibrations from the secondary structure of the BMV protein backbone are shown below the
spectrum. Magenta line refers to the structure of a-helix. Pink, light blue and red lines refer to the
structures of B-sheets. Brown, olive and dark blue lines refer to the structures of B-turns and cyan blue
line refers to the unordered structures.
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Virus-like particles (VLPs) have sparked a great interest in the field of nanobiotech-
nology and nanomedicine. The introduction of superparamagnetic nanoparticles (SPI-
ONs) as a core, provides potential use of VLPs in the hyperthermia therapy, MRI
contrast agents and magnetically-powered delivery agents. Magnetite NPs also pro-
vide a significant improvement in terms of VLPs stability. Moreover employing
viral structural proteins as self-assembling units has opened a new paths for tar-
geted therapy, drug delivery systems, vaccines design, and many more. In many
cases, the self-assembly of a virus strongly depends on electrostatic interactions
between positively charged groups of the capsid proteins and negatively charged
nucleic acid. This phenomenon imposes the negative net charge as a key require-
ment for the core nanoparticle. In our experiments, Brome mosaic virus (BMV)
capsid proteins isolated from infected plants Hordeum vulgare were used. Super-
paramagnetic iron oxide nanoparticles (Fe3O4) with 15 nm in diameter were syn-
thesized by thermal decomposition and functionalized with COOH-PEG-PL polymer
or dihexadecylphosphate (DHP) in order to provide water solubility and negative
charge required for the assembly. Nanoparticles were characterized by Transmis-
sion Electron Microscopy (TEM), Dynamic Light Scattering (DLS), Zeta Potential,
Fourier Transformed Infrared Spectroscopy (FTIR) and Superconducting Quantum
Interference Device (SQUID) magnetometry. TEM and DLS study were conducted
to verify VLPs creation. This study demonstrates that the increase of negative
surface charge is not a sufficient factor determining successful assembly. Addi-
tional steric interactions provided by longer ligands are crucial for the assembly
of BMV SPION VLPs and may enhance the colloidal stability. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

The definition of virus-like particles (VLPs) includes a plethora of biological structures related
to viruses in terms of morphology, structure and self-assembly. In most cases, the term describes
entities of viral origin subjected to structural or functional alterations e.g. capsids deprived of nucleic
acid or genetically-modified capsid subunits. The most prominent characteristic of VLPs is their
relative ease of creation through self-assembly of viral proteins. Due to a very broad spectrum of
potential applications VLPs have been extensively studied for over three decades.'> Combined effort
of many research groups proved their exceptional utility as vaccines, gene-carrying nanocontainers,
MRI contrast agents, drug-delivery vectors etc.>™

Brome mosaic virus (BMV) is an icosahedral plant virus containing 4 ssRNA strands, incorpo-
rated within three separate particles. RNA1 and RNA?2 are packaged separately, while RNA3 and
RNA4 are co-packaged. The capsid forms a T=3 lattice and consists of 180 identical proteins. Sub-
sequently, they form dimers and then, pentameric or hexameric subunits. Native form of the virus
has the outer diameter of approximately 28 nm and the inner diameter of 18 nm. The mechanism of
self-assembly is mainly driven by electrostatic interactions between positively charged arginine-rich
motifs (ARM:s) of the coat protein and negatively charged phosphate groups of the RNA.”® The BMV
capsid remains stable in buffers with pH below 5.0 and moderate ionic strength. The increase in pH
above 7.5 and ionic strength higher than 0.5 M promotes capsid dissociation and allows for viral RNA
precipitation. Decrease of the pH and ionic strength back to previous values initiates reassembly of
the capsid.” This approach has been utilized in creation of BMV VLPs containing various cores e.g.
gold nanoparticles, quantum dots, magnetite nanoparticles.”!!

BMYV can be obtained through infection of various hosts. Importantly, the physicochemical
differences between virions produced in barley, wheat and Nicotiana benthamiana are not trivial.
The study done by Ni et al., revealed host-specific variations in electrostatic charges, isoelectric
profiles and capsid-RNA interactions of the virions. These parameters were shown to affect thermal
stability of the capsid.'? Obtained data indicates that the host effects plays an important role in the
self-assembly of the VLPs and has to be taken into consideration while drawing conclusions regarding
BMYV VLPs assembly mechanisms.

Superparamagnetic iron oxide nanoparticles (SPIONs) have a set of unique magnetic and physic-
ochemical characteristics qualifying them as a promising tool in many biomedical applications.
High-yield production methods, low-toxicity and tunable surface and magnetic properties render
them exceptionally useful in many applications e.g. contrast agent in MRI, magnetically driven car-
rier in targeted drug delivery or in magnetic hyperthermia for cancer treatment, etc.'>~!7 Theoretical
studies done by Kusters et al. indicates that the core size polydispersity, as low as 1%, strongly affects
the assembly efficiency.'® Therefore, high monodispersity of SPIONS is an essential prerequisite.

In our study, 15 nm in diameter SPIONs were obtained via thermal decomposition of iron
(IIT) acetylacetonate in organic solvent. This method provides high quality and quantity of the
SPIONs.!” Obtained nanoparticles contain oleic acid residues on the surface. Further functional-
ization was required to obtain water solubility and negative charge on the surface of the SPIONs.
Two compounds were chosen for the experiment: distearoyl-sn-glycero-3-phosphoethanolamine-
N-[carboxy-(PEG)2000] (HOOC-PEG-PL), used in similar experiments by Dragnea et al., and
dihexadecylphosphate (DHP).!? We estimated, that 15 nm particles after functionalization will have
~ 18 nm in diameter, which is commensurate with inner cavity of BMV T=3 capsid. Both compounds
share similar mechanism of functionalization through hydrophobic interactions between oleic acid
residues on the surface of the SPIONs and twin alkyl chains. Our study investigates how different
values of negative surface charge and steric effects influence the process of BMV self-assembly on
functionalized SPIONS.

RESULTS AND DISCUSSION

Superparamagnetic iron oxide nanoparticles (SPIONs) synthesis

SPIONSs were synthesized via modified route of iron (IIT) acetylacetonate thermal decomposition
in 1-octadecene with oleic acid as surfactant (NP OA).?® Obtained nanoparticles were analyzed with
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FIG. 1. a) SPIONSs synthetized via thermal decomposition of Fe(acac)s suspended in chloroform visualized in TEM. b)
SPIONS size distribution histogram.

TEM (Figure 1a). Data shows that 15.70 + 0.95 nm in diameter nanoparticles were spherical and
monodispersed (Figure 1b).

Magnetic behavior of SPIONs

Magnetic properties of the obtained nanoparticles were assessed with SQUID magnetometry.
Magnetic coercivity (H,) of the 15.7 nm at 300K is close to 0 Oe, which means that there is no energy
dissipated during repeated reversing of magnetization — defining the material as superparamagnetic
(Figure 2b). Magnetic saturation at this temperature (Ms) equals 39.6 emu/g (Figure 2b). Blocking
temperature obtained from zero field cooling and field cooling (ZFC-FC) measurement is 139 K
(Figure 2a). Below blocking temperature at 5 K, H. = 700 Oe and Mg = 42.9 emu/g (Figure 2c¢).

SPIONSs functionalization

As synthesized, SPIONSs surface is covered in alkyl chains of oleic acid rendering them hydropho-
bic. Two compounds were used for functionalization: COOH-PEG-PL copolymer and dihexade-
cylphosphate (DHP) (Figure 3). Both compounds functionalize the surface of SPIONs through
hydrophobic interactions between oleic acid residues and alkyl chains, creating micelles. COOH-
PEG-PL has been successfully used as a coating agent in previous studies regarding BMV assembly
with magnetic cores.!? The main drawbacks of this compound is its cost and low availability, which
drastically decreases commercial potential. Our goal was to find an alternative compound providing
negative surface charge density sufficient for self-assembly.>! DHP is a anionic surfactant molecule
with two alkyl chains and negatively charged phosphate group, which has been widely utilized in
the field of electrochemical sensing and biosensing.?> Due to explicit differences in structure, we
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FIG. 2. SQUID magnetometry of the SPIONs. a) ZFC-FC, blocking temperature b) Magnetic coercivity (Hc) and magnetic
saturation (M) at 300K. ¢) H, and M; at 5K.
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FIG. 3. Molecular structure of ligands used to functionalize SPIONs. a) COOH-PEG-PL. b) DHP.

decided to investigate whether the presence of long polymer chain is as a prerequisite for BMV VLPs
creation. Zeta potential analysis revealed the difference in values between functionalized SPIONs:
DHP = -56.6 = 0.7 mV (further referred as NP DHP), COOH-PEG-PL = -31 = 0.4 mV (further
referred as NP PEG) (Figure 4). We assumed that higher value of total negative charge could com-
pensate for possible low ligand density and still provide sufficient surface charge density required for
self-assembly. Hydrodynamic diameter of the functionalized SPIONs was assessed using Dynamic
Light Scattering (DLS) measurement (Figure 5a). NP PEG were 57 + 15 nm in diameter. NP DHP
had slightly smaller diameter of 52 + 12 nm. Broad distributions and significant standard deviations
of size diameters for both DLS measurements can be related with particles size distribution revealed
with TEM analysis.

Fourier Transformed Infrared Spectroscopy (FTIR) analyses showed that all spectra for nanopar-
ticles contain peaks around 574 cm'! and 623 cm™! originating from stretching vibrations of Fe-O,
which confirm existence of iron oxide nanoparticles (Figure 6).>3?* Peaks around 1400 cm™ and
1630 cm™ on the NP OA spectrum can be attributed to the symmetric and assymetric stretching
of carboxylate (COO-), which refers to the binding between iron oxide and oleic acid.>>?® Broad
peaks in the region between 3200 — 3600 cm™! visible in almost all spectra, can be assigned to the
vibrations of the hydroxyl group (OH"). Strong absorption bands around 3400 cm™! can also originate
from bonds of nanoparticles® surface.>>>* Stretchings of double bonded C=0 group are also visible
around 1700 cm™ on spectra for nanoparticles and pure PEG. All spectra contain sharp peaks in the
range of 2800 — 3000 cm™! assigned to the vibrations of the C-H group.”? We assumed that function-
alization process was successful for either PEG and DHP polymer due to the shifts of asymmetric
and symmetric CH, vibrations and presence of characteristic peaks. On the spectrum of nanoparticles
with oleic acid we established high values of wavenumbers for those vibrations. It can be correlated
with conformation of the alkyl chains — trans and gauche isomers. Shift toward lower wavenumbers
for functionalised particles indicates that more chains are in trans conformation and particles are
in more ordered state.>”*® Characteristic sharp peak around 1111 ecm™! visible on spectra for pure
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FIG. 4. Zeta potential measurement of SPIONs functionalized with DHP (NP_DHP) and COOH-PEG-PL (NP_PEG).
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FIG. 5. Number-based particle size distributions of a) SPIONs functionalized with DHP and COOH-PEG-PL (PEG) b) VLPs
assembled with magnetic cores and native BMV.

PEG and nanoparticles functionalised with this polymer correspond to the stretching vibrations of
C-O-C group from repeated units of the polyethylene glycol backbone.?® On the spectra for pure poly-
mers and functionalised particles we can also see peaks connected with other CH, group vibrations
- wagging (1350 cm™), twisting (1250 cm™') of CH, and scissoring bands in the range of 1430-
1490. Peaks from asymmetric and symmetric stretching of PO,™ group can also be found on those
spectra.28

VLPs assembly

The assembly of BMV NP PEG was performed according to previously published protocol.'®

The native structure of synthesized virus is shown in Fig. 7a, in this cryo-microscopic image
the monodisperse without defects structure is clearly visible. In followed TEM images the core-shell
structures (magnetic core and protein shell) was the superparamagnetic particles was in ca 90% of
viruses detected (see Figure 7b). Calculated size of the VLPs was 26.4 + 2.1 nm which is similar
to diameter of the native BMV ~ 28 nm. This indicates T=3 capsid symmetry as shown in other
studies.” Calculated thickness of the shell was 5.20 + 0.03 nm, which also corresponds to the native
form of the BMV.® This method provided well separated VLPs containing only one core particle
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FIG. 6. FTIR spectra of functionalization intermediates and products a) with wavenumber characteristic b) of their symmetric
(vs) and asymmetric (vag) stretching CHy vibrations.
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FIG. 7. TEM images of the assembled VLPs. a) cryo TEM images of natives BMV virus b) BMV VLPs with COOH-PEG-PL
functionalized SPIONs as core ¢) BMV VLPs with DHP functionalized SPIONSs as core.

in majority. In case of BMV NP DHP assembly, applying the same protocol did not result in VLPs
creation. Mixing NP DHP with BMV dimers in the assembly buffer, resulted in precipitation and
no VLPs were created. According to our experience drawn from HBcAg assembly studies, NP DHP
proved stable in phosphate/citrate buffer. Abiding the rationale behind BMV self-assembly, modified
assembly buffer has been introduced. This approach has been successful and resulted in BMV DHP
VLPs formation (Figure 7b). Obtained VLPs were 25.5 + 2.7 nm in diameter. The thickness of the
shell was 5.53 + 0.97 nm. This indicates that despite different coatings, the result of the assembly
is similar. However, in case of BMV DHP VLPs, many multicore aggregates were also formed.
One of possible explanations for this result is a gradual neutralization of the surface charge by
BMYV capsid proteins, leading to deprivation of electrostatic repulsive forces. Gradually decreasing
stability of NP DHP could significantly facilitate formation of multicore and aggregated VLPs. In case
of NP PEG, colloid stability is achieved through both steric and electrostatic interactions. Therefore,
neutralization of the surface charge does not attenuate overall stability sufficiently to disturb the
assembly, leaving the steric component intact. Our studies also showed longer storage stability of
BMYV NP PEG, which can be attributed to two characteristics: higher amount of well dispersed single
core VLPs and some portion of PEG tails protruding out of VLP through protein shell, adding to
its stability. Comparative study by Malyutin et al. revealed the behavior of poly(ethylene glycol)
tails in BMV and hepatitis B virus (HBV) VLPs, indicating that in case of BMV VLPs majority
of tails remain entrapped between the core and the protein layer. Weather the remaining fraction
of protruding PEG tails contributes significantly to the increased stability, remains to be elucidated.
Dynamic Light Scattering measurements revealed hydrodynamic diameters of VLPs (Figure 5b).
Number distributions and hydrodynamic diameters of native BMV established at 28.1 + 4.4 nm.
BMYV NP PEG diameter was established at 63 + 13 nm and it is larger than diameter for both pure
nanoparticles with PEG polymer and native BM'V, which was also measured by DLS and appointed at
28.1 £ 4.4 nm. BMV NP DHP diameter shifted toward higher values of 145 + 27 nm. Such high value
of the hydrodynamic diameter in comparison with diameters of the native BMV and nanoparticles
with DHP polymer, can be related with possibility of clusters or aggregates formation during the
assembly process.

CONCLUSIONS

Our study demonstrates how electrostatic and steric properties of the functionalized SPIONs
govern the process of the BMV VLPs assembly. Usage of PEG tail containing COOH-PEG-PL
compound as a functionalizing agent resulted in well dispersed single core VLPs. DHP function-
alized SPIONs required major modifications in the assembly buffer composition. This resulted
in BMV VLPs creation, however obtained particles formed many clusters and fewer single core
VLPs could be found. Obtained results indicate that nanoparticles stabilized solely through elec-
trostatic interactions may require different approach in core containing VLPs creation. The lack
of steric stabilization poses a disadvantage in terms of VLPs assembly, morphology and storage
stability.
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MATERIALS AND METHODS
Materials

Oleic acid (technical grade 90%), Iron (III) acetylacetonate (97%), Sodium chloride (99%),
Dihexadecyl phosphate, 1-Octadecene (90%), 2-Butanol (95.5%), Trizma® base (99.9%), Calcium
chloride (97%), Magnesium chloride (98%), Magnesium acetate tetrahydrate (99%), Sodium acetate
(99%), Glycine (99%), Glycerol (99%), Citric acid (99.5%), Sodium phosphate dibasic (99%) Sigma-
Aldrich (Poznan, Poland). Toluene (99.5%), n-Hexane (99%), Chloroform (98.5%), Hydrochloric
acid (30-35%), Avantor (Gliwice, Poland). Boric acid (99%), ICN biomedicals (USA). PEG 8000
(reagent grade) BioShop (Canada). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy-
(polyethylene glycol)2000] (ammonium salt) (COOH-PEG- PL, 2000 Da PEG (99%) Avanti (USA).
Snakeskin® Dialysis Tubing 10K MWCO, Thermo Fisher Scientific (USA). All chemicals were used
as received. Water was purified by Hydrolab HLPS instrument (0.09 puS/cm).

Methods
Synthesis of iron oxide nanoparticles

Spherical iron oxide nanoparticles were synthesized by thermal decomposition of iron (III)
acetylacetonate Fe(acac);. Briefly, 6 mmol of Fe(acac); and 12 mmol of oleic acid were dissolved
in 40 ml of 1-octadecene. The reaction was performed with continuous stirring and nitrogen flow.
Temperature of the solution was increased to 220 °C and maintained for 1 hour. Then, the temperature
was increased further to 320 °C and maintained for 1 hour. After synthesis, 3:1 v/v mixture of 2-
butanol and toluene was added and the solution was placed on neodymium magnet to precipitate.
The precipitate was washed thrice with the same mixture. Obtained nanoparticles were suspended in
chloroform. Nanoparticles concentration was estimated by weighing dried sample.

Functionalization of iron oxide nanoparticles with COOH-PEG-PL (NP PEG)

Functionalization was performed according to method published elsewhere,'? with minor mod-
ifications. Briefly, 2.5 mg COOH-PEG-PL was added to chloroform solution containing 3 mg of as
synthesized nanoparticles coated with oleic acid. The sample was shortly sonicated and left open for
chloroform evaporation. Obtained waxy solid was heated for 1 min in 80 °C water bath. Then, 1 ml
of water was added and the sample was vortexed to enhance micelles formation. Subsequently, the
sample was washed thrice with chloroform to remove unbound COOH-PEG-PL. In order to remove
chloroform residuals, the sample was diluted with water to total volume of 10 ml and centrifuged for
20 min at 12 000 x g, RT. Supernatant was discarded and the precipitate redispersed in 1 ml of water.
Nanoparticles concentration was estimated by weighing dried sample.

Functionalization of iron oxide nanoparticles with dihexadecyl phosphate (DHP) (NP DHP)

The protocol describing in-depth preparation and characterization of DHP coated NP is in prepa-
ration and will be published at later date. Briefly, 6 mg of DHP was dissolved in 20 ml of hexane.
Dissolution was heat-assisted at 75°C. Then, chloroform solution containing 6.3 mg of as synthesized
nanoparticles coated with oleic acid was added and kept at 75°C for 10 min to allow for alkyl chains
relaxation. The mixture was shortly sonicated and 80 ml of water was added. Subsequently, obtained
two phase solution was briefly vortexed and sonicated until the water phase became turbid. In the next
step, the solution was placed in sonicating bath for 3-4 h without temperature control. The reaction
was continued until the mixture became homogenous and no signs of phase separation occurred for at
least 1 min after mixing. After functionalization, the solution was left undisturbed overnight to allow
for phase separation. Bottom phase was collected, filtered through 0.45 um pores and centrifuged
for 20 min at 10 000 x g, 4°C. Centrifugation was repeated until no precipitate was found. Collected
precipitate was redispersed in water and filtered through 0.22 um pores. Final concentration was
measured by weighing dried sample.

BMYV propagation, extraction and purification

BMV virions were multiplied in Hordeum vulgare plants. Briefly, after inoculation and incuba-
tion period, frozen leaves were homogenized in liquid nitrogen and macerated in a virus extraction
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buffer (0.5 M NaOAc, 0.3 M H3BOs3, 0.01 M MgCl,, pH 4.5). The mixture was subjected to
chloroform extraction and the virus was precipitated from the aqueous phase with PEG 8000.
Virions were purified by ion exchange chromatography and concentrated using Amicon Ultra
Filter 100 kDa (Merck Millipore) to 2 ml volume. Obtained sample was additionally purified
by size-exclusion chromatography (SEC) and once more concentrated by previously mentioned
method.

VLPs assembly protocol (BMV PEG VLPs, BMV DHP VLPs)

Virus like particles were prepared according to modified protocol for encapsulation of nanopar-
ticles in BMV coat proteins.””> BMV virions were dissociated in disassembly buffer: 1 M CaCl,,
0.005 M Trizma®Base, pH 7.4, purified via centrifugation (13 000 g, 20 min, 4°C) and dialysed
against desalting buffer (0.01 M Trizma®Base, pH 7.4). Obtained BMV dimers were dialysed
against storage in buffer with high ionic strength: 1 M KCI, 0.005 M MgClI2, 0.01 M Trizma®Base,
pH 7.4. NP PEG and BMV coat proteins (present as dimers) were mixed at 1:3 ratio (NP:BMV)
and dialysed against assembly buffer: 0.01 M KCI, 0.05 M NaCl, 0.005 M MgCl12, 0.05 M
Trizma®Base, pH 7.4. After encapsulation VLPs were dialysed against low ionic strength storage
buffer: 0.05 M NaOAc, 0.008 M Mg(OAc),, pH 4.6. Encapsulation of NP_DHP was performed
in the same ratio (1:3) and dialysed against modified assembly buffer (0.15 M NaCl, 0.01 M
CaCly, 1% w/v Glycine, 10% v/v Glycerol, 0.03 M Citric acid, 0.05 M NaHPO,4, pH 4.5 and
stored in the same buffer. All dialyses were performed with Snakeskin® Dialysis Tubing 10K
MWCO.

Characterization methods

Transmission electron microscopy (TEM) images were acquired with Hitachi TEM HT7700
microscope. Grids were made of copper coated with carbon film, mesh 300. Samples of functionalized
nanoparticles were prepared by placing 15 ul drop on the grid and draining the excess solution with
blotting paper. Samples of assembled VLPs were prepared similarly. VLPs samples were additionally
negatively stained with 5 ul of 2% uranyl acetate. Particle size analysis was performed with ImageJ
software. At least 50 particles were analyzed.

Hysteresis loops at 5K and 300 K and ZFC-FC plots were obtained with SQUID MPMS XL
Quantum Design system. The zero field-cooled (ZFC) and field-cooled (FC) magnetization curves
were obtained using a standard protocol. After demagnetization at 300 K the system was cooled
to 5 K without a magnetic field. Then, an external magnetic field of 100 Oe was applied, and the
ZFC curve was recorded during heating to 300 K. The FC curve was measured during cooling from
300 K down to 5 K in the same external magnetic field.

Zeta potential measurement was performed on Particulate Systems NanoPlus instrument in
standard zeta cell with dome electrode. Measurements were repeated in triplicate.

DLS measurement was performed on Malvern Zetasizer uV instrument in quartz cuvette (QS
Hellma, Type 105.231 — 1 cm path-length). Before measurement samples were briefly sonicated,
diluted to optimal concentration and filtered with 0.2 um syringe filter. Measurements were repeated
in triplicate.

Fourier Transformed Infrared Spectroscopy (FTIR) was used to confirm nanoparticles function-
alization. Samples were dried, mixed with KBr and pressed into pellets before measurement. Spectra
were obtained on TENSOR 27 (Bruker Optics) in the range 0f4000 - 400 cm’! with a resolution of
4 cm™, and accumulation of 256 scans.

BMYV concentrations were determined via UV-Vis absorption (NanoDrop 2000 spectropho-
tometer) and Lambert-Beer’s law. Proteins concentration were established with absorbance at
280 nm.
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Abstract: Virus-like particles (VLPs), due to their nanoscale dimensions, presence of interior cavities,
self-organization abilities and responsiveness to environmental changes, are of interest in the field
of nanotechnology. Nevertheless, comprehensive knowledge of VLP self-assembly principles is
incomplete. VLP formation is governed by two types of interactions: protein-cargo and protein—
protein. These interactions can be modulated by the physicochemical properties of the surroundings.
Here, we used brome mosaic virus (BMV) capsid protein produced in an E. coli expression system to
study the impact of ionic strength, pH and encapsulated cargo on the assembly of VLPs and their
features. We showed that empty VLP assembly strongly depends on pH whereas ionic strength of the
buffer plays secondary but significant role. Comparison of VLPs containing tRNA and polystyrene
sulfonic acid (PSS) revealed that the structured tRNA profoundly increases VLPs stability. We
also designed and produced mutated BMV capsid proteins that formed VLPs showing altered
diameters and stability compared to VLPs composed of unmodified proteins. We also observed that
VLPs containing unstructured polyelectrolyte (PSS) adopt compact but not necessarily more stable
structures. Thus, our methodology of VLP production allows for obtaining different VLP variants
and their adjustment to the incorporated cargo.

Keywords: virus-like particles; brome mosaic virus; capsid; self-assembly

1. Introduction

Viral capsids are natural nanostructures that evolved towards the efficient delivery
of viral genetic material to host cells. Their nanoscale dimensions, presence of an interior
cavity, self-organization abilities and responsiveness to environmental conditions are de-
sired features in terms of nanotechnology. Additional attributes of viral capsids, including
homogeneity, susceptibility to chemical modification and, in the case of plant viruses, lack
of pathogenic activity to humans, give them potential as biologically active compound
carriers in the biomedical field. The reports on potential applications of viral capsids
in nanotechnology and biomedical fields has been thoroughly reviewed [1-4]. The key
to the utilization of viral capsids is understanding and controlling their assembly and
disassembly processes.

Brome mosaic virus (BMV) is one of the most extensively studied plant viruses.
Its structure and biology are well known, and numerous reports describe the potential
applications of BMV as a vehicle for nanoparticle delivery. BMV is a typical representative
plant virus with a genome composed of single-stranded RNA and nonenveloped spherical
virions. BMV belongs to the Bromovirus genus. The BMV capsid is composed of 180 capsid
protein (CP) subunits with a weight of 20 kDa. The virion has an approximately 28 nm
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diameter, depending on the surrounding conditions, and it shows T = 3 icosahedral
symmetry [5]. The cargo space inside the virion is limited by the internal cage with the
T =1 triangulation number. CP consists of 189 amino acids and has a globular shape with
a protruding N-terminal arginine-rich motif (ARM) directed into the interior of the capsid.
The ARM, due to its positive charge, interacts with negatively charged RNA and therefore
is crucial for capsid assembly.

Capsid assembly is currently being extensively analyzed, and some general rules
of this process have already been determined. The formation of capsid depends on the
temperature, pH, ionic strength, CP concentration and features of the encapsidated core
molecules [6-8]. Due to the recent development of experimental and computational
techniques in the field of physical virology, the static descriptions of viral particles have
been replaced by dynamic models based on soft-mode dynamics and kinetic trapping [9].
Still, the knowledge of the capsid assembly is not sufficient to control it or rationally
design VLPs with desired features. The disassembly and reassembly of BMV virions
containing their native RNA or RNA derived from another virus is possible in the course of
dialysis, starting from a high-salt to a low-salt buffer at neutral pH [10-12]. Under natural
conditions, BMV capsids as well as those of similar viruses, such as cowpea chlorotic
mottle virus (CCMYV), begin forming via the nucleation process, driven by electrostatic
interactions between CP dimers and the viral genome. The assembly of complete virions
is further continued mostly due to interactions among CPs [13]. The key to BMV virion
assembly is the approximately 200-nucleotide-long 3’ end of the genomic RNA, which
forms a tRNA-like structure (TLS). The importance of TLSs was initially shown by Choi
etal. in an experiment in which BMV capsid assembly attempted upon RNA with truncated
TLSs failed, while the addition of yeast tRNA promoted virion formation [14]. Later, it was
shown that not only RNA but also other materials, such as gold nanoparticles, quantum
dots [15], and even cubic-shaped nanoparticles [16], may be encapsulated in the BMV
capsid. The primary requirement for in vitro encapsidation of any type of cargo is the
negative charge forming electrostatic interactions with the positively charged N-terminal
portion of the BMV CP. Under in vitro conditions, these interactions are heavily dependent
on the ionic strength of the buffer and as such can be modulated [6,13,17].

The capsid assembly process is driven not only by CP-cargo interactions but also by
interactions among the CPs. The importance of such interactions can clearly be seen in
the formation of CP dimers, which are the basic building blocks for capsid structures. CP
dimers attach to each other, creating larger protein complexes and leading to full capsid
formation [7]. The interactions among CPs are based on hydrophobic attractions and
hydrophilic repulsions, in contrast to the interactions between CP and cargo [13]. Assembly
of BMV-derived empty capsids is pH-dependent and, according to molecular dynamics
and dynamic light scattering (DLS) analysis, is initiated by the formation of CP trimer
nuclei at pH close to 5 [18].

Considering the utilization of plant viral capsids as biologically active compounds
vehicles, attempts are made to obtain VLPs showing desired features. The easiest way
to modify VLPs is to introduce mutations into the CP sequence. However, during viral
replication in native host plants, most CP mutations result in the loss of viral infectivity
or are reversed to the wild-type sequence [19]. This phenomenon is related to error-
prone RNA replication, RNA recombination and subsequent selective pressure, which
eliminates viral variants with lower fitness compared to the wild type [19-22]. To overcome
this impediment, heterologous expression systems are applied that offer CP production
without selective pressure working on protein mutants.

In this paper, we describe the in vitro assembly of VLPs with the application of
recombinant BMV CP (rCP) produced in a bacterial expression system. We used the rCP
to study the impact of environmental factors and encapsulated cargo on the assembly
process and properties of the resulting VLPs. In our assay, we applied a spectrum of
methods, including protein crosslinking, electrophoresis, microscale thermophoresis (MST),
cryogenic transmission electron microscopy (cryo-TEM), atomic force microscopy (AFM)
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and dynamic light scattering (DLS). We also produced and studied a CP mutant designed
to slightly weaken the CP-CP interaction. Our results show that pH is a crucial factor
influencing CP-CP interactions, but we also noticed the significant influence of ionic
strength. We also observed that the physicochemical parameters of VLPs, such as diameter,
polydispersity and thermal stability, are strongly influenced by the cargo. Interestingly, CP
carrying mutations formed VLPs showing a wide range of possible diameters compared to
the wild-type VLPs.

2. Results
2.1. Searching for Optimal Conditions of Empty VLP Formation

Earlier, it was shown that a decreasing pH is crucial for CP-CP interactions during
VLP formation; however, the influence of ionic strength has not been taken into account.
To assess the influence of both factors on the strength of the interaction between rCP and
empty VLP assembly, we performed microscale thermophoresis (MST) assays. In the MST
assay, a fluorescently labeled molecule (in our case rCP labelled with fluorescent marker)
of constant concentration is titrated with a dilution series of the ligand (unlabeled rCP).
The affinity between the proteins is assessed taking into account differences in a movement
of the fluorescently labelled protein in a temperature gradient (thermophoresis) which
is altered by any changes of the charge, size or hydration shell resulting from the ligand
binding [23]. Two series of MST assays were performed: in Tris buffer at constant pH 7.5
with increasing salt concentration (150, 300, 600 and 1000 mM NaCl) and in Tris buffer at
constant NaCl concentration of 150 mM and increasing pH (6.8, 7.5 and 8.5) (Figure 1A,B,
respectively). The MST signals recorded for each measurement were plotted against rCP
concentration to obtain dose-response curves, from which the K4 was evaluated. The rCP
bound each other with a K4 in the nanomolar range at all tested conditions, which indicates
a tight interaction. All the MST data collected clearly confirmed that both the pH and ionic
strength significantly influence the interaction between rCPs. The Ky at pH 8.5 was 175 nM,
that at pH 7.5 was 35 nM and that at pH 6.8 was 6.8 nM. At decreasing ionic strength, K4
reached 111 nM, 72 nM, 62 nM and 35 nM at 1000, 600, 300 and 150 mM NaCl, respectively.
The influence of pH on the interaction between rCPs seems to be more significant than that
of ionic strength, as illustrated by a two orders of magnitude higher range of K4 changes at
pH gradient.

To confirm the MST results, additional experiments were performed. The DLS analy-
ses at the three mentioned pH points revealed that at pH 8.5 and 7.5, rCPs existed mostly
in dimeric form (~6 nm hydrodynamic diameter) (Figure 1C). In addition, small fractions
of particles with diameters corresponding to VLPs (~39-49 nm) and rCP aggregates (hydro-
dynamic diameter > 100 nm) were detected. At pH 6.8, particles of ~18 nm hydrodynamic
diameter and a small population of particles with 286 nm diameter were observed. Interest-
ingly, at pH 6.8, we did not detect rCP dimers. This result was verified by rCP cross-linking
at pH 6.8 and 7.5 (Figure 1D). After the cross-linking reaction, the rCP complexes were
analyzed by SDS PAGE. This confirmed that at pH 7.5, the main product was the rCP dimer,
while at pH 6.8, rCP formed complexes/aggregates of relatively higher molecular weight
than dimer. The results from DLS measurements and cross-linking reactions indicated that
at pH 6.8, rCPs formed other kinds of rCP oligomers. To determine whether VLPs would
be formed at pH 6.8, rCP was incubated in pH 6.8 buffer at 4 °C for 24 h. Subsequent
DLS measurements revealed that VLPs did not form. Exclusively rCP oligomers 18 nm
in diameter were present in the solution. In summary, the above observations indicated
that a gradual decrease in both pH and ionic strength in the course of dialysis should
enhance VLP formation. Thus, to obtain each type of VLP described in this study, we
applied two-step dialysis.
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Figure 1. CP-CP affinity analysis in various buffer conditions. (A) MST results for the interaction in NaCl gradient. (B) MST
results for the interaction in pH gradient. The binding curves and the corresponding Ky values resulted from the analysis of
raw MST data. The curves and Ky values estimated from the same measurement are marked with the same colors. (C) DLS
analysis of rCP hydrodynamic diameter at concentration of 0.1 mg/mL in a pH gradient (volume distribution). The colors
of DLS curves correspond to the results from (B). (D) The cross-linked CP visualized via SDS-PAGE. Lanes: 1—CP without
cross-linking, M—molecular weight marker, 2-5—CP crosslinked at pH 7.5 after 5, 10, 15 and 30 min, respectively, 6-9—CP
crosslinked at pH 6.8 after 5, 10, 15 and 30 min, respectively.

2.2. Cored VLP Assembly

Under native conditions, the formation of the BMV capsid is initiated by interactions
between CP and viral genomic RNA. This process is facilitated by the electrostatic inter-
actions between the positively charged N-termini of CP and the negatively charged TLS
located at the 3’ end of BMV genomic RNA [5,14,22]. Therefore, in the first experiments
on VLP assembly, two-step dialyses were carried out in buffer containing yeast tRNA as a
potential VLP assembly initiator. In the first step, the ionic strength and in the second step,
the pH gradually decreased. A series of two-step dialyses were performed in which the
tRNA:rCP molecular ratio was changed from 1:1 to 1:6. Prior to two-step dialyses, rCP was
stored in buffer with high ionic strength and pH 7.2. After the second dialysis, rCP samples
were subjected to native agarose gel electrophoresis. The obtained results indicated that
tRNA stimulated the formation of VLPs (Figure 2). For the samples with tRNA:rCP ratios
of 1:1 and 1:2, the band corresponding to native BMV was not observed. However, for
both samples, in addition to the thick band at the bottom, which contained unbound tRNA,
we observed additional thin bands in the middle of the lane, which might correspond to
RNA-rCP complexes. For the sample with a tRNA:xCP ratio of 1:3, there was a thin band
corresponding to the fully assembled VLPs and still many unbound tRNAs at the bottom
of the lane. For samples with tRNA:rCP ratios of 1:4 to 1:6, only the bands migrating
to a similar position as that of BMV were visible. Considering the above results in our
further experiments on VLP assembly, a 1:6 tRNA:rCP mass ratio was applied. The fact
that putative VLPs formed by rCP and tRNA moved slower in the agarose gel than native
BMV might be explained by the differences in total charge and conformation between the
two particles.
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Figure 2. BMV-based VLPs formation according to various CP/tRNA mass ratios in native agarose
gel electrophoresis. Lanes: 1—wt BMV, 2-7—various CP/tRNA mass ratios (from 6:1 to 1:1), 8—tRNA
without CP. The arrows indicate formed VLP with tRNA inside, intermediate CP-tRNA complexes
and the unbound tRNA.

To determine whether polyelectrolytes other than RNA can be applied to assemble
VLPs, we used 75-kDa polystyrene sulfonic acid (PSS), a synthetic polymer with a negative
charge. PSS is capable of interacting with rCP and thus to some extent can mimic RNA,
although PSS lacks complex secondary and tertiary structures. VLP assembly was analyzed
in a series of two-step dialyses in which PSS:rCP mass ratios were changed from 1:1 to 1:8
(Figure 3) [24]. Agarose gel electrophoresis revealed that VLPs were formed exclusively in
the reactions with the highest excess of CP, i.e., in the reaction with PSS-rCP mass ratios of
1:8. For subsequent experiments with PSS, a mass ratio of 1:8 (PSS:rCP) was used.

VLP with PSS —

rCP-PSS complexes L # ﬂ j "
> # “ ' 1

unbound PSS— u

1 2 3 456 7 8 9 10

Figure 3. BMV-based VLPs formation according to various CP/PSS mass ratios in native agarose
gel electrophoresis. Lanes: 1 to 8—various PSS/CP mass ratios (from 1:8 to 1:1). Lane 9—PSS
without protein. Lane 10—tRNA without protein. The arrows indicate formed VLP with PSS inside,
intermediate CP-PSS complexes and the unbound PSS.

2.3. Properties of Empty and Cored VLPs

Three types of VLPs, empty VLPs (eVLPs), those with yeast tRNA (tVLPs) and those
with polystyrene sulfonic acid (PVLPs), were characterized using a wide range of physico-
chemical methods. Cryo-TEM images revealed spherical structures of eVLPs and tVLPs
(Figure 4A,C). The size of the former ranged from 20 to 65 nm with dominant fractions
of 30—40 nm, and that of the latter ranged from 25 to 55 nm with dominant fractions of
30-40 nm (Figure 5A,C). In addition, cryo-TEM images confirmed that CP-CP interactions
alone are strong enough to form spherical VLPs. Unfortunately, for PVLPs, we were unable
to obtain cryo-TEM images.
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Figure 4. Cryo-TEM images of BMV-based VLPs. (A) Empty VLPs obtained from wt CP (eVLPs).
(B) Empty VLPs obtained from mutated CP (eMVLPs). (C) VLPs obtained from wt CP with tRNA
(tVLPs). (D) VLPs obtained from mutated CP with tRNA (tMVLPs).
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Figure 5. Size distribution of VLP populations from cryo-TEM images. (A) Empty VLPs obtained
from wt CP (eVLPs). (B) Empty VLPs obtained from mutated CP (eMVLPs). (C) VLPs obtained from
wt CP with tRNA (tVLPs). (D) VLPs obtained from mutated CP with tRNA (tMVLPs).

The empty VLP analyses also involved atomic force microscopy (AFM). Experiments
performed in air revealed that empty VLPs stably retained their spherical structure and
dimensions in a dry environment (Figure 6). The average diameter of VLPs was 32 nm and
ranged from 16 to 63 nm.
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Figure 6. Exemplary picture of empty VLPs recorded using AFM tapping mode.

Consistent with the cryo-TEM results, DLS measurements also showed variations
in hydrodynamic diameters both within and among the studied VLP populations (Figure 7).
The eVLP population had the largest and most variable diameter, approximately 40 £ 10 nm.
The diameter of tVLPs was approximately 28 nm =+ 5 nm, and that of PVLPs was approxi-
mately 21 nm 4 5 nm.

A VLP

Intesity
t

1 10 100 1000 10000

Diameter [d. nm]

B MVLP

Intensity

Diameter [d. nm]

Figure 7. Size distribution of BMV-based VLPs in sodium acetate buffer (pH 4.8) and 25 °C by
dynamic light scattering (DLS). Wild-type VLPs (A) and mutated VLPs (B). Empty VLPs are in blue,
VLPs with tRNA are in red, and VLPs with PSS are in green.

To determine the thermal stability of VLPs, we used DLS to measure how their size
changed with increasing temperature from 30 to 52 °C (Figure 8). At 3047 °C, the major
fraction of eVLPs had diameters ranging from 25-66 nm, which was consistent with our
earlier observations. However, in this temperature range, a small population of eVLPs
with diameters > 100 nm were also observed. At 48 °C and higher temperatures, the
population of particles with diameters > 100 nm became dominant. tVLP were the most
stable. Throughout the whole temperature range (30-52 °C), the tVLP hydrodynamic
diameter was 18-34 nm. PVLP sizes ranged from 16-38 nm until 40 °C. Above 40 °C, some
larger particles were formed (<70 nm), and above 44 °C, aggregates > 100 nm appeared.
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Figure 8. BMV-based VLPs size as a function of temperature. The diameter of VLPs was measured
by DLS through a gradient of increasing temperature (30-52 °C). Wild type VLPs (A) and mutated
VLPs (B). Empty VLPs (eVLPs (A) and eMVLPs (B)) are in blue, VLPs with tRNA (tVLPs (A) and
tMVLPs (B)) are in red, and VLPs with PSS (PVLPs (A) and PMVLPs (B)) are in green.

2.4. Rational Designing of BMV-Based VLPs

The production of rCP in the heterologous system creates the possibility of obtaining
VLPs with altered properties. To this end, we used molecular dynamics methods to design
rCP mutant with a modified CP-CP interaction pattern (Figures 9 and 10). Based on in
silico-generated data, we expected that the exchange of two hydrophobic amino acids into
hydrophilic groups (L123D and F183T) would weaken CP-CP binding. The rCP mutant
was produced, and VLPs (MVLPs) were assembled in the same way as described above for
unmutated ones.

Figure 9. Computational model of two wild-type BMV capsid protein trimers. One trimer in yellow,
second in cyan. The red square shows the place of interaction between two amino acid residues on
two neighboring chains—the target for our mutation.
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Figure 10. Computational model of a fragment of the BMV capsid protein. (A,B) depict wild-type virus hydrophobic
interactions of two interacting amino acid residues on two neighboring chains. Leul23 in slate gray, Phel83 in yellow,

rest of the protein in cyan. Black dashed lines show distances (in A) between residues involved in hydrophobic contacts.

(C,D) depict the hydrogen bond interaction pattern between mutated residues. Asp123 is shown in magenta, Thr183 in

green, and the rest of the protein in beige. The electrostatic interactions between residues are mediated by water molecules.

Black dashed lines show electrostatic interactions between residues and residue/water molecules.

The formation of empty VLPs and with tRNA, from mutated rCPs (eMVLPs and
tMVLPs, respectively) was confirmed with cryo-TEM (Figure 4B,D). However, similarly as
for wild-type rCP, we failed to record cryo-TEM images of PMVLPs. The cryo-TEM images
showed only a few eMVLPs (Figure 4B). On the other hand, the number of tMVLPs was
significantly higher (Figure 4D). The eMVLPs were spheres of highly variable size from 35
to 80 nm (Figure 5B). The tMVLP spheres were smaller and more homogenous. Their size
oscillated between 15 and 35 nm (Figure 5D). Interestingly, cryo-TEM analysis showed that
tMVLPs were smaller than tVLPs (25-55 nm), which was confirmed by DLS analysis.

DLS measurements of mutated VLPs confirmed a wide size range of eMVLPs (Figure 7B).
Mutated VLPs carrying negatively charged cores, and the wild-type VLPs, had larger diame-
ters if formed with tRNA (tMVLPs: 27 nm + 5 nm) than with PSS (PMVLPs: 24 nm =+ 3 nm).

MVLPs also showed different stabilities than unmutated VLPs. The size of the eMVLPs
varied within the whole range of temperatures applied in our experiment (from 19 to
85 nm). In the eMVLP sample, the amount of large aggregates (>100 nm) was significantly
increased at 51 °C. We also observed that tMVLPs were not as stable as their tVLP analogs.
At 46 °C, the size of tMVLPs was approximately 27-31 nm, but at higher temperatures,
larger aggregates appeared. At 49 °C, a majority of tMVLPs were >300 nm. PMVLPs were
smaller than other MVLPs until the temperature reached 41 °C. From 42 °C, the average
size of the PMVLPs increased. At 51 °C and above, the majority of PMVLPs were >100 nm.

3. Discussion

There are two main types of interactions important for BMV capsid formation: CP-CP
and RNA-CP. The lack of empty capsids in BMV-infected plants indicates that in vivo,
RNA-CP interactions are pivotal for the formation of viral particles [25]. However, CP-CP
interactions are sufficient to form BMV-based VLPs in vitro [26]. Our analysis showed that
strong CP-CP binding depends on pH. We noticed that at the lowest tested pH of 6.8, rCPs
tended to form an oligomeric structure, most likely rCP trimers proposed to initiate the
nucleation process leading to capsid formation [18] (Figure 1). This result is consistent
with the observation of Chevreuil and coworkers that a decrease in pH leads to stronger
interactions between CPs of CCMV and more compact VLP formation [24]. Additionally,
van Eldijk and coworkers showed that changing the pH can control empty CCMV capsid



Int. J. Mol. Sci. 2021, 22, 3098

10 of 15

formation [26]. Here, we showed that the ionic strength may also significantly influence
CP-CP interactions, suggesting that ionic interactions might be involved in empty VLP
assembly apart from hydrophobic interactions. We also observed that a rapid decrease
in pH induces the transformation of CP dimers into larger CP oligomers and blocks
VLP formation. Thus, we proposed that two-step dialysis gradually decreasing the ionic
strength and pH is a good method to assemble both empty and cored VLPs. This protocol
proves to be particularly efficient for the production of tRNA-cored VLPs. Other types
of VLPs, including empty capsids, were formed less effectively (Figure 4). Moreover,
experiments involving empty capsids showed that VLPs preserve their structure even after
drying (Figure 6).

Considering that virion assembly is based upon CP-RNA binding under native condi-
tions, Rao distinguished two types of CP-RNA interactions that impact this process [25].
The first type depends on a specific RNA structure and involves the TLS located at the
3’ end of BMV genomic RNAs [14]. It was shown that the encapsidation of BMV RNA
lacking TLSs is not effective but can be restored after complementation with yeast tRNA or
separate TLSs [8]. We show that yeast tRNA alone is sufficient to mediate the formation of
stable and homogenous VLPs. The mass ratio of yeast tRNA to rCP was similar to those
shown by Cadena-Nava et al., which indicates that the length of the RNA molecule is less
important [27]. Our results also confirm that the structural features of the cargo, apart
from its negative charge, are important factors influencing VLP formation and features.
Accordingly, VLPs containing tRNA better resembled native BMV capsids in terms of their
size than VLPs containing PSS [28,29].

The second type of CP-RNA interaction, crucial for capsid formation, is sequence-
independent electrostatic attraction between negatively charged RNA and the positively
charged CP N-terminus. The importance of those interactions was demonstrated by
Cadena-Nava and coworkers, who showed that CCMV CPs were able to encapsidate
longer RNA than viral genomes [27]. The importance of a negative charge was also shown
by Cheveruil and coworkers by encapsidating PSS in a VLP composed of CCMV CPs [24].
Here, we confirmed the above observations by showing that PSS mediated the formation of
BMYV rCP-based VLPs. In addition, our data suggest that due to the electrostatic interaction
between rCP and cargo, VLPs are more compact. Thus, tVLPs and PVLP were smaller than
eVLPs. As expected, the dimensions of VLPs also depended on the cargo size; accordingly,
PVLPs were smaller than tVLPs and BMV capsids. Although PSS particles are longer than
tRNA and do not form complex spatial structures, due to the hydrophobic core, they adopt
compact structures in water environments. Chevreuil and coworkers obtained similar
results studying VLPs based on CCMV CP [24]. The authors also explain this effect by the
hydrophobic properties of PSS, which is poorly soluble in water and exists in a collapsed
form [24]. Moreover, they noted that linear, flexible PSS chains require less free energy to
be encapsulated than particles with stiff conformations, such as RNA [24,30].

In contrast to tVLPs and PVLPs, empty VLPs that rely only on weak CP-CP interac-
tions are more flexible and less stable than those relying on strong CP-RNA or CP-PSS
interactions. Accordingly, eVLPs, both wild-type and mutated, have a broader range of
diameters than the corresponding loaded VLPs (Figures 5 and 7). However, our designed
eMVLP exhibits considerably higher assembly potential. The introduced mutations change
the hydrophobic interaction between amino acid residues of two CPs into hydrophilic ones,
which results in VLPs showing a wider range of diameters (Figure 10). Higher amounts
of formed eVLPs in comparison to eMVLPs also indicate that hydrophobic interactions
between two CPs (L123 and F183) are significant for BMV capsid assembly. The addition of
cargo strongly influences MVLP formation (Figure 8B). Mutated VLPs containing tRNA
were similar in size to wild-type tVLPs. This suggests that CP interactions with the tRNA
structure strongly compensate for the weaker CP-CP interactions among the mutated CPs
and are crucial for the formation of VLPs resembling native capsids. This observation once
again confirms that the spatial conformation of tRNA strongly enhances VLP assembly,
which was also presented by Rao et al. [25]. On the other hand, MVLPc-containing PSSs
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are smaller than wild-type PSSs and are more homogenous. PSS, as mentioned above,
can form a collapsed structure that, together with weaker CP-CP interactions and higher
flexibility of the mutated VLP shell, might result in better adjustment of rCPs to its cargo
and bring it closer to the VLP’s core.

The results showing the thermal stability of the produced VLP are consistent with
the above observations. We found that TLS and the negative charge of the cargo stabilize
VLPs. PSS and tRNA stabilized wild-type capsid VLPs up to 40 °C. However, above
this temperature, PVLPs were unstable, unlike tVLPs. As concluded earlier, TLSs and
electrostatic interactions with rCPs significantly stabilize VLPs better than negative charge
alone (Figure 8A). Our results indicate that tRNA presence is not mandatory for VLP
formation but is crucial for particle stabilization. Mutated VLPs had slightly different
thermal stability than wild-type VLPs. eMVLPs showed a wider range of sizes at room
temperature than eVLPs. Interestingly, the aggregation of eMVLPs started to appear at
51 °C, while wild-type VLPs began to aggregate at 45 °C. This could be the effect of the
stronger hydrophilic interactions resulting from the substitutions of two nonpolar amino
acids with polar amino acids in the mutated CP. However, explaining this observation
demands further study. For tMVLPs, 49 °C seems to be the temperature at which large
aggregates start to prevail. Thus, tMVLPs seem to be less stable than tVLPs, which also
indicates the significance of lateral CP-CP interactions on capsid stability. Interestingly;,
better adjustment of the cargo and CP in MVLPs was also confirmed by their higher thermal
stability (aggregation proceeds at 42-51 °C) than that of VLPs (aggregation proceeds at
40-44 °C).

In summary, we have shown that recombinant BMV CP produced in a bacterial expres-
sion system is capable of self-assembly mediated by both CP-CP and CP-cargo interactions.
By encapsidating tRNA and PSS, we highlighted the influence of cargo features on the
structure and stability of BMV-based VLPs. We noted the profound influence of TLSs on
the features of VLPs, while the negative charge of the cargo and CP-CP interactions seems
to play a secondary but also important role. Moreover, we demonstrated that using genetic
engineering, one can obtain VLPs with altered properties in comparison to VLPs formed
by wild-type CP. Thus, the usage of a bacterial expression system for BMV CP production
provides potential for the rational design of VLPs and research on their properties.

4. Materials and Methods
4.1. Protein Production and Purification

DNA coding for brome mosaic virus CP was cloned into the pMCSG48 expres-
sion plasmid and expressed in Rosetta™ 2(DE3)pLysS competent E. coli cells (Novagen,
Merck KGaA, Darmstadt, Germany) according to the manufacturer’s instructions. Briefly,
bacterial cells were transformed with plasmids encoding wt or mutated BMV CP by a
heat shock method. Then, each transformant was used to inoculate 250 mL of LB medium
containing 100 mg/L ampicillin and 34 mg/L chloramphenicol. Bacteria were grown at
37 °C with shaking. When the OD600 of the culture reached 0.5-0.8, IPTG was added to
a final concentration of 0.5 mM. After induction, bacteria were cultured for 16 h at 20 °C.
The cells were harvested and frozen on dry ice for storage at —20 °C. Approximately 5 g of
cells was suspended in 40 mL of lysis buffer I [25 mM Tris pH 8, 0.5 M NaCl, 0.2 mg/mL
lysozyme (BioShop, Ontario, Canada), 250 U benzonase nuclease (Novagen,)] and soni-
cated. Cell debris was removed by centrifugation, and the supernatant was mixed with the
same amount of buffer II [25 mM Tris pH 8, 0.5 M NaCl, 20 mM imidazole (BioShop)]. To
purify BMV CP, affinity chromatography was used. After protein binding with Ni-NTA
resin, the column was washed with buffer II. Next, the protein was eluted from the column
using an imidazole gradient: 200, 300 and 500 mM in buffer II. The eluted protein was
dialyzed using buffer III (25 mM Tris pH 8, 0.5 M NaCl). To remove the N-terminal tag,
1 mg of TEV protease was added per 10 mg of eluted protein. After TEV digestion, the
sample was once again applied to a Ni-NTA charged column to remove the tag and any
undigested protein. The first flowthrough was collected, and the purified proteins were
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concentrated by ultrafiltration (Amicon Ultra-10,000 MWCO, Millipore, Burlington, MA,
USA). The concentration of the protein was determined by measuring the absorbance at
280 nm (NanoPhotometer N60, Implen, Westlake Village, CA, USA). The purity of the
protein samples was assessed by SDS-PAGE, and the monodisperse state of the protein
solutions was confirmed by dynamic light scattering (DLS) measurements using a Zetasizer
1V (Malvern Panalytical, Malvern, GB) with the application of 6 puL of sample in a quartz
cuvette with a 1 cm path length (Hellma QS 105.231). The correct molecular masses of all
recombinant proteins were confirmed with Ultraflextreme MALDI Tof/Tof MS (Bruker
Daltonics, Billerica, MA USA).

Two mutations, L123D and F183T, were introduced into the DNA sequence coding
for BMV CP through PCR with specific primers. The mutated BMV CP sequence was
then cloned into the pMCSG48 expression plasmid and amplified in DH5x competent
E. coli cells (Thermo Fisher Scientific, Waltham, MA, USA). The plasmids were isolated and
verified for L123D and F183T presence via DNA sequencing. Mutated protein expression,
isolation and purification were performed as described above for the wild-type BMV CP.
Isolated and purified BMV rCP was dialyzed against protein storage buffer (PSB) [1 M
NaCl (BioShop), 1 mM EDTA (Merck), 20 mM Tris (BioShop), pH 7.2].

4.2. VLP Assembly

rCP (stored in the PSB) solution was subjected to a two-step dialysis process with the
application of SnakeSkin Dialysis Tubing with a 3500 MWCO (Thermo Fisher Scientific).
First, dialysis was performed against VLP assemble buffer (1) [50 mM NaCl (BioShop),
10 mM KCl (BioShop), 5 mM MgCl,-6H,O (Merck), 50 mM Tris (BioShop), pH 7.2] for
16 h at 4 °C. Next, dialysis was performed against VLP assemble buffer (2) [25 mM NaCl
(BioShop), 10 mM KClI (BioShop), 25 mM NaOAc (Merck), 5 mM MgCl,-6H,O (Merck),
50 mM Tris (BioShop), pH 7.8] for 16 h at 4 °C. Afterwards, the samples were centrifuged
(10 min, 10,000 rcf, 4 °C), and the supernatant was collected for further examination.

Assembly reactions of the VLP with tRNA or PSS were performed in a mass ratio
gradient from 1:1 to 1:6 for tRNA:rCP and 1:1 to 1:8 for PSS:rCP. Assembly reactions
proceeded as a two-step dialysis, as described above. Afterwards, the samples were
centrifuged (10 min, 10,000 rcf, 4 °C), and the supernatant was transferred for further
examination. Agarose gel electrophoresis was conducted to visualize the results of the
VLP-core assembly gradient. A 1% agarose gel was used and stained with Midori Green
(ABO). 10 pL of tVLP sample with 2 uL of loading dye (EURX, Gdarisk, Poland) and
25 pL of PVLP sample with 5 pL of loading dye was loaded on the gel. Samples were
electrophoresed for 1.5 h at 80 V in 0.5x TBE buffer (BioShop). Gel was depicted on the
ChemicDoc XRS5+ System (BioRad, Hercules, CA, USA).

4.3. Cryo-TEM Measurements

Specimens for cryo-TEM imaging were prepared using CryoPunge 3 System (Gatan,
Pleasanton, CA, USA). At room temperature and 95% relative humidity in the chamber,
4 uL droplet of each sample was put on a lacey carbon coated copper grid (Lacey C only,
Ted Pella Inc., Redding, CA, USA) which were previously hydrophilized for 1 min using
ELMO glow discharge system (Cordouan Technologies, Bordeaux, France). Subsequently
to blotting the excess liquid, specimens were instantaneously plunged into a liquid ethan
and shock frozen to ca. —183.15 °C. Vitrified samples were then transferred to Gatan 626
cryo-holder (Gatan, Pleasanton, CA, USA) that maintained temperature below —178.15 °C
during the imaging. Imaging was carried out using Jeol JEM1440 transmission electron
microscopy (Jeol Ltd., Tokyo, Japan) at accelerating voltage of 120 kV.

4.4. AFM Measurements

The VLP solution was diluted to a low concentration of 5 ug/mlL, applied to a mica
sample disc and left to dry. The dried sample was loaded onto a Multimode 8 instrument
(Bruker, Billerica, MA, USA), and AFM tapping mode with an SNL-10 probe (Bruker) was
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used to record the shape of the prepared eVLPs. The results of the measurement were
analyzed with NanoScope Analysis 1.5 software.

4.5. DLS Measurements

DLS measurements were recorded using a Zetasizer uV instrument (Malvern Instru-
ments). The measurements were performed at a wavelength A = 488 nm and at a 90°
incidence angle of the light beam; a 2 uL. quartz cuvette was used. The concentration of
rCP was 0.1 mg/mL. Twelve measurements were performed for each VLP at 25 °C for
standard DLS measurements and at temperatures ranging from 30-52 °C to analyze the
thermal stability of the VLPs.

4.6. MST Experiments

Purified rCP was transferred to MST assay buffer for ionic strength studies (50 mM
Tris, pH 7.5: 5 mM MgCl, and 150, 300, 600, or 1000 mM NaCl) or pH studies (50 mM Tris,
pH 8.5, 7.5 or 6.8:5 mM MgCl, and 150 mM NaCl) using Zeba™ Spin desalting columns
(ThermoFisher Scientific). CP was fluorescently labeled following the manufacturer’s
instructions (Nanotemper Technology, Munich, Germany), i.e., using Monolith NT™
Protein Labeling Kit RED-NHS 647. The concentration of labeled proteins was adjusted to
50 nM. A dilution series (starting from 15 uM) of up to 16 unlabeled protein concentrations
was prepared in a final volume of 10 pL. Ten microliters of labeled protein was added to
each dilution and mixed with a pipette. All samples were centrifuged for 5 min at 10,000 g
prior to MST measurement. Capillaries were filled and loaded into a Monolith NT.115
instrument, and the thermophoresis experiment was performed. The results were analyzed
with MO.Affinity Analysis software (Nanotemper).

4.7. Protein Cross-Linking

CP crosslinking was performed using 5 mM disuccinimidyl suberate (DSS, Thermo
Scientific) in DMSO according to the manufacturer’s instructions using rCP in MST buffer
described above at pH 7.5 and 6.8. The reaction was stopped after 5, 10, 15 and 30 min by
adding 1 M TRIS-HCI, pH 7.5. The crosslinking results were visualized by SDS-PAGE.

4.8. CP Mutant Design

The hexamer model of the BMV coat protein and of the mutant variant were con-
structed using the UCSF Chimera program [31] on the basis of the 1JS9 structure from
the PDB repository. Proper protonation and parameterization of protein models was per-
formed using the pdb2gmx module of the GROMACS 4.6.7 package [32], employing the
Amber99SB-ILDN [33] force field. CP hexamers were immersed in a truncated dodeca-
hedral simulation box containing TIP3P model water molecules. Solvated systems were
subsequently neutralized, and an excess of Na* and Cl~ ions was added to obtain a final
concentration of 0.1 M NaCl.

The geometry of the systems was optimized using the energy minimization technique
with the steepest descent algorithm. Next, optimized systems were relaxed during 200 ps
NVT ensemble simulation runs and subsequently 200 ps NPT runs. Such relaxed systems
were used as starting structures for final, 50 ns production NPT runs. During all runs, the
time step was 2 fs. During equilibration runs, the output frequency was set to 100 time
steps (200 fs), whereas in production simulations, it was set to 1000 time steps (2 ps). Long-
range electrostatic interactions were calculated using the particle mesh Ewald method,
with a cutoff value of 1 nm. Velocity rescaling was used to scale the temperature and
Parinello-Rahman barostat to maintain constant pressure in the simulated systems.
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