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1.  Uvod

Retroviry jsou jiz fadu let pfedmétem velmi intenzivniho studia, a to nejen v souvislosti
s pandemii AIDS a onkogennimi u¢inky na nékteré organismy, véetné ¢lovéka. AIDS a jeho
puvodce, HIV, jsou zfejmé nejkiiklavéjsim piipadem pandemie, zpiisobené zastupcem celedi
Retroviridae. Dle statistik svétové zdravotnické organizace bylo celosvétové od zacatku
epidemie infikovano virem lidské imunodeficience 75 miliont lidi, z nichz zhruba 32 miliont
zemfelo. Odhaduje se, Ze v souéasnosti je infikovano HIV piiblizné 0,8 % dospé€lych obyvatel
Zemé ve véku mezi 15 a 49 lety. Nelze zapomenout ani na lidské endogenni retroviry
(HERV), tvofici jednu skupinu transponovatelnych elementt, které representuji cca 8 %
lidského genomu. Lze je rozdélit zhruba do 40 fylogeneticky nezavislych skupin. Jsou
pozistatky davnych retrovirovych infekci a kromé pozitivnich dopadd (napi. syncitin,
nezbytny pii vyvoji placenty) maji i dopady negativni — rakovinné bujeni, roztrouSena
skler6za a mnoho dalSich.(Grabski et al., 2019)

Detailni studium zivotniho cyklu, zptisobu sklddani virionu a mechanismu infekce
piinasi poznatky pouZitelné nejen v oblasti mediciny a farmakologie, ale poméaha i v feseni
odveéké otazky vztahu struktury a funkce biomakromolekul. Studium intracelularniho
transportu proteind retrovirti a jejich interakce je extrémné zajimavé nejen diky pfesahu do
oblasti hleddni Uc¢innych antivirovych 1é¢iv, ale i1 pouzitymi technikami (pfedevSim
pokrocilou fluorescenéni mikroskopii).

2. Retroviry a jejich Zivotni cyklus

Retroviry jsou skupinou virti s diploidnim genomem, ktery je tvofen dvéma identickymi
molekulami jednofetézcové RNA o délce 7 — 10 kbp. Replikace RNA genomu probiha za
Ucasti virem kodovaného enzymu RNA dependentni DNA polymerasy (reverzni
transkriptasy, RT, EC 2.7.7.49), ktera vykazuje kromé polymerasové i aktivitu RNasovou (EC
3.1.26.13), nebot’ degraduje genomovou RNA z hybridu RNA*DNA. Tento enzym je
charakteristickym rysem této skupiny a byl i zakladem jejiho pojmenovani. Produkt
transkripce - dvouretézcova DNA - je zaclenén do genomu hostitelské bunky prostiednictvim
dalSiho virového enzymu — integrasy (EC 2.7.7.B22)(Coffin et al., 1997).

DalSim charakteristickym znakem retroviri je jejich maturace mimo hostitelskou buiku.
V priubehu tohoto procesu se nezrala neinfek¢ni kapsida zméni na zraly, infek¢ni virion.

2.1 Taxonomie retrovira

Dle Baltimorovy klasifikace spadaji retroviry do VI skupiny, ¢eledi Retroviridae, ¢ili
RNA viry s reverzni transkriptasou (Fauquet C.M. et al., 2005).

Z hlediska struktury genomu d¢lime retroviry na komplexni a jednoduché. Genom
komplexnich retrovirti kéduje oproti jednoduchym retroviriim fadu regulacnich proteind,
které ovliviiuji charakter retrovirové infekce jednotlivych zastupct. Typicky jsou dle exprese
genu a morfologie (celkova velikost virionu, tvar, velikost a frekvence glykoproteinovych



povrchovych jednotek a tvar jadra virionu (core) ve zralém virionu) klasifikovany do dvou
podceledi: Orthoretrovirinae, kam patii vSechny onkogenni retroviry a Spumaretrovirinae,
se specifickou morfologii (foamy virus). Existuje ovSem i mnoho zastupcu, ktefi nespadaji
ani do jedné podceledi.

— Skupina I: dsDNA viry

Orthoretrovirinae
Skupina IlI: ssDNA viry Alpharetrovirus
Betaretrovirus
Skupina lll: dsRNA viry Gammaretrovirus

Deltaretrovirus
Epsilonretrovirus

— Skupina IV: (+)RNA viry

Lentivirus
nezafazené Orthoretrovirin
Viry —— Skupina V: (-)RNA viry P— Po—————
— Skupina VI: RNA viry s reversni transkriptasou Metaviridae ggﬁgﬁ%:‘\’/’rfrﬁi
Pseudoviridae Felispumavirus

Skupina VII: DNA viry s reversni transkriptasou o e

: T o Similspumavirus
— Subvirové castice: viroidy Spumavirus

— Subvirové éastice: satelitni nukleové kyseliny a priony nezafazene Retroviridae

Obr. 1 Baltimorova klasifikace retroviri,, zaloZzena na genetické informaci a unikatnim
zpusobu replikace

Jinym pouzivanym zptisobem déleni retrovira je jejich klasifikace na zakladé zptsobu
tvorby kapsidy. Do prvni skupiny se spole¢né fadi retroviry typu A, B a D:

o Castice typu A jsou endogenni a podobné viraim. Dle lokalizace se dale déli na
intracytoplasmatické (ICAPSs) a intracisternalni (IAPS).

e Skupina retroviri typu B je charakterizovana tvorbou ¢astic v cytoplasmé
a excentrickym uloZenim core ve zralé partikuli. Zastupcem této skupiny vird je napf.
MMTYV (Mouse Mammary Tumor Virus).

e U retroviru typu D se kapsidy skladaji na ur¢itém misté uvnitt cytoplasmy, odkud jsou
poté transportovany k cytoplasmatické membrané a dochazi k puceni. Typickym
zastupcem této skupiny je Mason-Pfizerav opici virus (M-PMV).

Do druhé skupiny patii retroviry typu C:

e U téchto retroviri se virova kapsida Skladd soucasné s procesem puceni virionu
cytoplasmatickou membranou hostitelské buriky a nasledné je uvolnéna ve formé
nezralé Castice. Zastupcem této skupiny je napt. HIV-1 (Human Immunodeficiency
Virus).

2.2 Retrovirova Castice a jeji komponenty

2.2.1 Organizace genomu
Ve zralé ¢astici je genom tvofen dvéma shodnymi kopiemi jednofetézcové (+)RNA. Po
reverzni transkripci je genom retroviru zaclenén ve form& DNA do genomu hostitelské buriky.
Z provirové DNA je po aktivaci transkribovana mRNA, které slouzi pro syntézu virovych
proteini. Cast vzniklé RNA je také inkorporovana do nové vznikajicich viriont.



U jednotlivych retrovirt Ize sledovat zna¢nou podobnost ve formalni struktuie genomu.
U v8ech lze nalézt na 5" konci methylovanou ¢epicku, nasleduje regulacni oblast ozna¢ovana
jako ”long terminal repeat” (LTR-sekvence), oblast kodujici strukturni proteiny, ptipadné
regulaéni proteiny, opét LTR a posledni ¢ast tvori polyadenylatovy usek na 3" konci (Obr. 2).

LTR sekvence hraji dulezitou roli v regulaci transkripce retrovirovych genii. Jsou to
mista, na kterd se vazi vlastni retrovirové proteiny a proteiny hostitelské bunky regulujici
transkripci retrovirové mRNA (Marcello, 2004)

Obecny retrovirovy genom obsahuje geny gag, pro a pol, které koduji strukturni proteiny
(Gag), enzymy proteasu (Pro), integrasu a reverzni transkriptasu (dohromady tvotici Pol).
Tyto tii geny jsou prepisovany z jednoho spole¢ného ¢teciho ramce a podle pfislusné mRNA
jsou pak na volnych ribosomech translatovany odpovidajici polyproteiny. V genomu vétsiny
retrovirt je v blizkosti 3" LTR piitomen gen env, ktery koduje povrchové glykoproteiny.
Na rozdil od vy$e zminénych geni vznika mMRNA kddujici Env alternativnim sestiihem.

Genomy retroviri mohou koédovat i dalsi proteiny jako napf. regulacni bilkoviny viru
HIV, mRNA pro tyto proteiny vznikaji alternativnim sestfihem z jedné pre-mRNA.

Enhancer
Promotor dalii geny  dalii geny poly (A)

gag pro pol eny

A) DNA us R Us ! ! I us R US
mRNA
W pro Gag a Gag-Pol
PI}.‘{/_"/\_"‘- FS PPT PA
E | gag anl pn.-" eny | E E
B) RNA 5CAP R U5 - ; U3 RIAAAY
PP PA
i env : :
C) 5"CAP R| U5 L U3 R'AAAY

mRNA
pro Env

Obr. 2 Genom generalizovaného proviru

A) provirova DNA tak, jak je integrovana do hostitelské DNA;

B) mRNA (primarni produkt transkripce) kodujici strukturni polyproteiny Gag, Gag-Pro,
Gag-Pro-Pol

C) mRNA (vznikla sestfihem primarni mRNA) kodujici povrchovy glykoprotein Env
(zkratky z angl. PBS, primer binding site — vazebné misto primeru; ¥, encapsidation
sequence — vbalovaci sekvence; SD, splice donor site — donorové misto sestiihu; FS,
frameshift site — misto posunu ¢teciho ramce; SA, splice acceptor site — akceptorové
misto sestfihu; PPT, polypurine tract — polypurinova oblast; PA, polyadenylation signal —
polyadenyla¢ni signal; AAA, poly(A) tail — poly(A) oblast)

(Coffin et al., 1997), modifikovano



Genom retrovird dale obsahuje oblasti, které hraji regulacni roli v prib&hu reverzni
RNA primer (PBS, z angl. Primer Binding Site), na které se vaze tRNA, slouzici jako primer
v prub¢éhu reverzni transkripce (Hargittai et al., 2004; Yu and Morrow, 1999). Dale jsou
v genomu lokalizovany sekvence nutné pro specifickou inkorporaci nesestfizené retroviroveé
RNA do nové vznikajici castice (Schmidt et al., 2003) a tzv. CTE sekvence (z angl.
Constitutive Transport Element), ktera je nutna pro transport retrovirové mRNA z jadra do
cytoplasmy (Ernst et al., 1997).

2.2.2 Virové polyproteiny

VSechny retroviry obsahuji proteiny Gag, Pro, Pol a Env a tyto maji ve viech retrovirech
stejné zékladni funkce. Gag je hlavnim strukturnim proteinem, tvoticim nezralou kapsidu. Pro
je proteasa, $tépici polyproteiny Gag, Gag-Pro a Gag-Pro-Pol na jednotlive funk¢ni proteiny,
u nékterych vira rovnéz zkracuje Env od C-konce. Pol je virova polymerasa — reverzni
transkriptasa. Env je vazebnym proteinem pro receptory, zprostfedkovavajicim interakci mezi
zralym virionem a buiikou a fidicim fzi virové a bunééné membrany. Komplexni retroviry
maji jesté¢ fadu doplikovych proteint, které zajist'uji virové specifické tlohy. Pfi plnéni
zéakladnich ukold virové replikace interaguji retrovirové proteiny s mnoha bunécnymi
proteiny.

Produkty zékladnich genti jsou translatovany ve formé polyproteinovych prekursort,
které¢ jsou dale Stépeny bud’ virovou (Gag prekursor), nebo bunétnou (Env prekursor)
proteasou. Kromé¢ vyse zminénych polyproteinovych prekursort (tj. Gag a Env) vznikaji i
polyproteiny Gag-Pol nebo Gag-Pro a Gag-Pro-Pol. Gen pol je umistén v jiném ¢tecim ramci
nez gag, v prubéhu translace dochazi k posunu ¢teciho ramce o jeden nukleotid zpét vlivem
vlasenkovych struktur v blizkosti terminac¢nich kodont (Staple and Butcher, 2003),
produktem je polyprotein Gag-Pol. V nékterych ptipadech vyzaduje pieéteni genu pol dvou
zmén Cteciho rdmce. Virova proteasa je zde kodovana vlastnim otevienym ¢tecim rdmcem na
rozhrani genti gag a pol. Pravé tehdy vznikaji produkty Gag-Pro a Gag-Pro-Pol.

Gen gag koduje strukturni proteiny. Jsou to obecné:

MA - matrixovy protein, tvoii vnéjsi obal virové kapsidy, v nezralé ¢astici je jakozto
N-terminalni doména Gag nutny pro transport tohoto polyproteinu na misto skladani a pro
interakci s membranou, z niz virus ziskava obal

CA - Kkapsidovy protein, formuje ve zralém virionu core, uvniti které je lokalizovan

nukleoproteinovy komplex a virové enzymy, je také hlavni interakéni doménou
polyproteinu Gag pti skladani nezralé castice

NC - nukleokapsidovy protein, tvoii komplex s virovou RNA a je zodpovédny za
specifickou inkorporaci virového genomu do vznikajici Castice

Gen pro kdduje virovou proteasu, v nékterych virech je gen pro soucasti ¢teciho ramce



genu pol
PR -  proteasa, zodpovédna za Stépeni polyproteinovych prekursori na jednotlivé
proteiny zralého virionu

Gen pol kdduje enzymy nezbytne pro Zivotni cyklus retroviru:
RT -  reverzni transkriptasa, ptepisujici genomovou RNA do DNA
IN - integrasa, v¢lenyjici vysledny transkript do genomu hostitele

Gen env koduje obalove glykoproteiny:
SU - povrchovy protein
TM - transmembranovy protein

Ve zralém virionu lze nalézt né¢kolik zakladnich struktur (Obr. 3). Prvni z nich je vnitini
obal virové kapsidy, ktery je tvofen matrixovym proteinem (MA). Vrstva tvofena timto
proteinem lezi tésné pod fosfolipidovou membranou a interaguje s ni prostiednictvim basické
oblasti a kyseliny myristové, vazané kovalentné na matrixovy protein..

Kapsidovy protein tvofi hlavni soucast zralého virionu - core. Core je tvofeno
kapsidovym proteinem (CA), obklopujicim ribonukleoproteinovy komplex. NC je vysoce
basicky protein, ktery tvofi komplex s virovou RNA a ve zralém virionu je k ni pevné vazan.
Vytvofeni nukleoproteinového komplexu je nezbytné pro spravné sbaleni a dimerizaci
genomove RNA. Core obsahuje také virové enzymy reverzni transkriptasu (RT), integrasu
(IN) a proteasu (PR). Tvar core se u jednotlivych retrovira 1isi. Muze byt konicky (HIV-1)
(Briggs, J. A. a kol., 2003), sféricky (RSV) (Kingston, R. L. a kol., 2001), nebo valcovity
(M-PMV) (Coffin, J. a kol., 1997).

2.2.3 Morfologie

Retroviry maji obecné sféricky virion s primérem 100 — 200 nm. Vnéjsi obal je tvofen
fosfolipidovou membranou, pochazejici z hostitelské buniky. Tento lipidovy obal mé oproti
prumérnému slozeni cytoplasmatické membrany vySsi obsah cholesterolu a sfingomyelinu
(Rawat et al., 2003). Toto sloZeni je pfipisovano puéeni retrovirti v oblastech tzv. lipidovych
raftd, membranovych mikrodomén obohacenych o tyto slouceniny. U vétSiny retrovirt jsou
do vngjsi lipidové vrstvy zanofeny transmembranové glykoproteiny (TM), které jsou
nekovalentné spojené s povrchovymi glykoproteiny (SU). Povrchové proteiny SU jsou
zodpovédné za rozpoznani receptort cilové bunky, jejich velikost a tvar se u jednotlivych
retrovira 1isi. Povrchova doména transmembranového glykoproteinu zprostiedkovava fuzi
membran pii vstupu viru do buiniky (Freed and Martin, 1995). Membranou prochazejici
integrélni protein TM slouzi k ukotveni SU na povrchu viru. Interakce mezi témito
podjednotkami je nekovalentni a pomérné slaba. Nezrala Castice je sloZena z virové
membrany, polyproteint Env, Gag/Gag-Pol/Gag-Pro-Pol a diploidniho retrovirového
genomu. Gag je organizovan do vrstvy v tésném kontaktu s vnitini stranou virové membrany.
V soub&hu s puéenim jsou trimerni heterodimery Env inkorporovany do virové membrany



pomoci bunéénych mechanismii. Nezrald ¢astice mé na elektronmikroskopickych snimcich
tvar dvou soustfednych kruhti. MA doména Gag lezi pod membrénou viru na okraji vrstvy,
NC sm¢éftuje do stiedu virionu. Kapsidovy protein je sloZen ze dvou strukturné nezavislych
domeén propojenych flexibilni spojkou. Jak N-terminalni, tak C-terminalni domény CA jsou
hlavnimi interakénimi motivy pii tvorbé hexagonalni sité nezralé ¢astice. Pramérny pocet
molekul Gag v retrovirovych ¢asticich byl odhadnut na 1500 - 5000.

V prubéhu puceni, ¢i bezprostiedné po ném dochazi k aktivaci proteasy, Stépeni
polyproteinu za uvolnéni jednotlivych funkénich proteint a k reorganizaci kapsidy; tento
proces se nazyva maturace. Vysledkem je sféricka Castice, kterd obsahuje nekovalentné
spojené molekuly TM a SU (vzniklé z Env). Vnitini obal ¢astice je tvofen matrixovym
proteinem MA. Jadro virionu, tzv. core je tvoreno kapsidovym proteinem CA, ktery obaluje
komplex virové RNA s nukleokapsidovym proteinem NC

povrchovy protein SU
transmembranovy protein TM
lipidova membrana

matrixovy protein MA
kapsidovy protein CA

- nukleokapsidovy protein NC

- genomova RNA

Obr. 3 Morfologie zralé retrovirové ¢astice.

Na vnéjsim lipidovem obalu kapsidy jsou umistény trimery povrchového proteinu SU.
Vnitini obal ¢astice pod membranou je tvofen matrixovym proteinem MA. Jadro virionu,
tzv. core je tvofeno kapsidovym proteinem CA, ktery chrani nukleoproteinovy komplex
dvou molekul virové genomové RNA pokrytych nukleokapsidovym proteinem NC.

2.3 Mason-Pfizerav opici virus (M-PMV)

2.3.1 Organizace genomu a jeho transkripce

Pfiblizna velikost genomu M-PMV je 7900 nukleotid. Hlavni ¢asti je sekvence kodujici
stejné geny polyproteint jako je tomu u jinych retrovird: gag, pro, pol a env. Obé molekuly
genomové RNA jsou vyuZity pro reverzni transkripci, probihajici v nékolika fazich, kdy
dochazi postupné ke kopirovani RNA do DNA, nasledované sekven¢ni degradaci usekti RNA
templatu. Retrovirovy 5° LTR obsahuje vlastni promotor pro expresi genomové RNA. Primer



pro reverzni transkripci neni v piipad¢ retroviru syntetizovany RNA polymerasou, ale jeho
funkci iniciace syntézy (-) fetézce DNA nahrazuje sav¢i tRNALys, ktera se vaze na
komplementarni sekvenci nazyvanou primer binding site (PBS), sousedici s 5° LTR (Coffin et
al., 1997; Sonigo et al., 1986). Konstitutivni transportni element (CTE) je usek na 3"konci
genomu M-PMV, ktery slouzi pro export mRNA zjadra. Je ¢lenem skupiny jadernych
exportéri interagujicich s TAP (tyrosine kinase-interacting protein), (Gruter et al., 1998). SD a
SA jsou signaly pro sestiih, rozezndvané bunéénymi spliceosomy pro odstranéni sekvence gag,
pro a pol. Vznikla subgenomova mRNA je vyuZita pro translaci povrchovych glykoproteint
Env. Retrovirovd RNA obsahuje také W signal rozpoznavany nukleokapsidovym proteinem pro
specifické a efektivni vbalovani do vznikajicich ¢astic (Vile et al., 1992). Primarni transkript
M-PMV je terminalné modifikovan podobné jako bunééna pre-mRNA, tj. pfipojenim Cepicky
na 5’konci a polyadenylaci na 3"konci (Obr. 4).

PBS PPT
Provirova q y
DNA Us R U5 | | U3 R‘ us
Ramec 2, gag
Ramec 3 pol
Genomova mRNA | . -
gag mRNA 5'CAP [R| U5 | { U3 |R|AAAY
gag-pro mRNA : AUG UAA  UAA UGA ' —
gag-pro-pol mRNA TS p P FS
plo p24 pl2 p27  pl4 pd
Pr78 Gag M)y [ T ca [nc]]
pl7
pl2
Pr95 Gag-Pro @.\[,—\l [ [ ca [ pu [rg]
Pr180 Gag-Pro-Pol ®l\['\| [ [ ca [xc[oufe] M [ :
a «
wi L2 H
env mRNA 5TCAP | I ! IA;\A 3
AUG UAG

prg6 Env 4] SU [ TM ]

SP 2p20 p2

4 d
2p70 gp22

Obr. 4 Organizace genomu M-PMV s vyznacenymi vyslednymi polyproteiny;
(Coffin et al., 1997), modifikovano



2.3.2 Strukturni a obalove proteiny

Nezrala kapsida je v piipadé M-PMV tvofena tiemi typy strukturnich polyproteinovych
prekursort: Gag, Gag-Pro a Gag-Pro-Pol v poméru priblizné 100:10:1 (Kohoutova et al., 2009).

Prvni popis Sesti hlavnich proteini M-PMV pochazi jiz z roku 1975. Tehdy byly
pojmenovany dle odhadu molekulové hmotnosti zjisténé pomoci SDS-PAGE, tedy p10, p12,
p27, p14, gp20 a gp68, pricemz ,,p*“ znamena protein a ,,gp* glykoprotein (Schochetman et al.,
1975). Pozd¢ji byla studie reprodukovana a byly nalezeny dalSi proteiny s molekulovymi
hmotnostmi 24, 16-18 a 6 kDa. Byl nalezen polyproteinovy prekursor pro strukturni proteiny
Pr78, pojmenovany Gag (,,group antigen* pro svou imunogenitu) a byla vyslovena hypotéza,
Ze protein Pr95 miize piedstavovat prekursor virové proteasy. Stépeni Pr78 vedlo ke vzniku
péti hlavnich strukturnich proteini: p27 (kapsidovy protein, CA), pp16 (fosfoprotein, PP), p14
(nukleokapsidovy protein, NC), protein p12 a pl0 (matrixovy protein, MA) (Bradac and
Hunter, 1984) (Obr. 5). Rovnéz povrchové glykoproteiny vznikaji nejprve ve formé prekursoru,
ktery je St€pen bunécnou proteasou, furinem na povrchovou a transmembranovou podjednotku.
Existence prekursoru pro povrchovy glykoprotein byla odvozena pravé z pozorovani jeho
stépnych produktti. VEtsi z nich (SU) z nich je tvofen 55kDa bilkovinnou ¢asti, na kterou jsou
navazany oligosacharidy o velikosti 15 kDa, tvofice dohromady gp70 (gp68 z originalni
studie). Druhy je tvoien 20kDa jednotkou s jednim oligosacharidovym fetézcem. Pozdéji bylo
zjisténo, ze tento protein gp20 je vysledkem maturace, ve které virova proteasa zkracuje Env
podjednotku gp22 na gp20 (Sommerfelt et al., 1992).

CTRS pozdni doména MHR
myristoyl l l
/V\ plOMA pp24/16 pl2 p27CA pl4 NC|p4
ISD domény zinkovych prstil

Obr. 5 Schéma organizace strukturnich proteinti v polyproteinu Gag ((Sakalian and Hunter,
1999), modifikovano

Matrixovy protein (MA, p10) je N-terminalnim proteinem polyproteinu Gag. Bylo zjisténo,
glycinu. Obsahuje doménu CTRS (cytoplasmic targeting/retention signal), které je zodpoveédna
za cileni Gag, Gag-Pro a Gag-Pro-Pol do pericentrionalni oblasti, ve které dochazi ke skladani
nezralé virové Castice. Ma se rovnéz za to, ze se ucastni interakce Gag s molekulami Env, a to
prostiednictvim vazby na 38 aminokyselin dlouhou cytoplasmatickou C-koncovou doménu
transmembranového proteinu. Prostiednictvim zbytku kyseliny myristové a seskupeni
basickych aminokyselin se rovnéZ ucastni interakce s membranovymi fosfolipidy. MA protein
M-PMV je na lipidovém obalu pravdépodobné ve formé trimeru (Conte, M. R. a kol., 1997;
Hill, C. P. a kol., 1996) a nekovalentn¢ interaguje s TM proteinem (Song, C. a kol., 2003)



Fosfoprotein (PP, p24/16) p16 je C-terminalnim $tépnym produktem proteinu p24. Obsahuje
tzv. pozdni domény PPPY a PSAP, nutné pro odskrceni virové ¢astice od membrany hostitelské
bunky v pribéhu puceni a hraje roli ve vbalovani virového genomu (Bohl et al., 2005).

Protein p12 (p12) se Gcastni tvorby nezralé Castice, prvnich 25 aminokyselin tvofi tzv. internal
scaffold domain (ISD), nutnou pro efektivni skladani (Sakalian and Hunter, 1999), a to zejmeéna
prostiednictvim domény obsahujici motiv leucinového zipu (Knejzlik et al., 2004).
Kapsidovy protein (CA, p27) hraje dilezitou roli ve skladani ¢astic a tvofi tzv. core, €ili obal
nukleoproteinového komplexu ve zralé ¢astici. Obsahuje oblast 20 aminokyselin tzv. major
homology region (MHR), zapojenou ve skladani a ¢asné fazi infekce (Strambio-de-Castillia
and Hunter, 1992).

Nukleokapsidovy protein (NC, pl4) obsahuje dva motivy zinkovych prsti a hraje roli
V rozeznani a vbaleni genomové RNA, se kterou poté tvoti nukleoproteinovy komplex (Gao et
al., 1998).

Protein p4 (p4) je spiSe peptid (36 aminokyselin), hraje dilezitou roli pfi skladani. Je bohaty
na proliny a interaguje s podjednotkou buné¢ného chaperonu TRiC.

dUTPasa (DU) je deoxyuridin 5°-trifosfat nukleotidhydrolasa (EC 3.6.1.23) ktera brani
inkorporaci deoxyuridinu do DNA. Vznika po prvnim posunu ¢teciho ramce ve form¢ fizniho

proteinu NC-DU, ktery odolava proteolytickému $tépeni virovou proteasou i bunéénymi
proteasami (Barabas et al., 2003).

Proteasa (PR) je virova aspartatova proteasa, EC 3.4.23.B6, ktera rovnéz vznika jako soucast
Gag-Pro prekursoru diky posunu ¢teciho ramce. Do ¢astic je inkorporovana v této neaktivni
formé. Jeji aktivace a autokatalytické §tépeni nastava v okamziku uvolnéni ¢astice z infikované
bunky. Spousti se tim proces maturace, kdy proteasa §tépi Gag i Pol na jednotlivé proteiny a
zkracuje rovnéz cytoplasmatickou C-terminalni ¢ast TM.

Reverzni transkriptasa (RT) vznika spolu s integrasou posunem ¢teciho ramce pobliz konce
genu pro. Je inkorporovana ve formé prekursoru Gag-Pro-Pol a vystépena béhem maturace
virovou proteasou.

Integrasa (IN) zprostiedkovava integraci virové DNA do hostitelského genomu. Je
vyStépovana virovou proteasou rovnéz z prekursoru Gag-Pro-Pol stépenim na C-konci RT.

Obalovy glykoprotein (Env) je integralni membranovy protein, ktery je syntetizovan na
drsném endoplasmatickém retikulu. Na N-konci mé signalni sekvenci 25 aminokyselin, kterd
cili vznikajici protein do membrany ER a v lumen ER je ihned odstépena. Syntetizovany protein
pokracuje v prichodu membranou ER aZ do okamziku, kdy se do membrany integruje oblast
hydrofobnich aminokyselin, tzv. membrane-spanning domain. V ER je Env c¢aste¢né
glykosylovan, cozZ spusti spravné sbaleni proteinu a tvorbu trimerd. Po opusténi ER je Env
transportovan do Golgiho aparatu, kde je jednak déle glykosylovan, jednak Stépen bunécnou
proteasou (furin, EC 3.4.21.75) na dv¢ podjednotky SU a TM, které zistavaji asociovany
(Bradac and Hunter, 1986; Sonigo et al., 1986).

Ve virionech byla nalezena take cela fada buné¢nych proteint. U HIV-1 to jsou naptiklad
ubikvitin, Tsgl101, povrchové bunécné receptory, proteiny cytoskeletu a mnoho dalSich (Ott,
2002). Ve virionech M-PMV byl zatim prokazan pouze Tsg101 (Gottwein et al., 2003), ale Ize
predpokladat, ze budouci prace odhali dalsi proteiny.



2.3.3 Zivotni cyklus

Casna faze Zivotniho cyklu zahrnuje vstup viru do cilové buiiky, transport virového core k
jadru, reverzni transkripci a tvorbu preintegra¢niho komplexu, jeho vstup do jadra a nasledné
integraci virové DNA do hostitelského genomu ve formé proviru. Pozdni faze Zivotniho cyklu
poté zahrnuje aktivaci, transkripci a transport virové RNA, jeji vbalovani nebo sesttih a syntézu
vSech prekursord, slozeni nezralé virové Castice, uvolnéni této Castice z hostitelské buiky a
maturaci virionu (Obr. 6).

Pro infekci pouziva M-PMV, stejné¢ jako ostatni betaretroviry, receptor SLC1ADbD,
transportér neutralnich aminokyselin zavisly na sodiku (znamy tézZ jako RD114) (Rasko et al.,
1999). Pro interakci s timto receptorem je esencidlni SU. Po jejim navazéni na receptor prochazi
Env konformac¢ni zménou v TM, kterd vede k flzi virové membrany s cytoplasmatickou
membranou buiikky. Po fizi membran nasleduje uvolnéni obsahu virionu do cytoplasmy.
Reverzni transkripce nezacina ihned, ale pravdépodobné soucasné s rozbalenim (disociace CA
z komplexu) a transportem do jadra v tzv. reverzné-transkripénim komplexu, ktery obsahuje
NC, genomovou RNA, RT, IN a MA. Obecné je tato ¢ast zivotniho cyklu velmi malo
prozkoumana, takze nelze porovnavat, zda je u vSech retrovirti zachovano stejné potadi kroki.
Je ale znamo, Ze je to proces velmi neefektivni, protoze jen velmi mald ¢ast vstupujicich
retrovirovych ¢astic vede az k reverzni transkripci. Je to rovnéz zplisobeno akci antivirovych
obrannych mechanismt bunky, jako je napt. Trim5a, ktery se vaze na CA protein a svou
ubikvitin ligasovou aktivitou muze zptlisobit cileni celého komplexu do proteasomil pro
degradaci (alespon v piipadé HIV, (Lukic et al., 2011)). Reverzni transkripce zacina vazbou
tRNAus primeru na komplementarni sekvenci PBS na 5°konci virového genomu. Vzniknou
postupné ob¢ vlakna, pfi¢emz jsou duplikovany U3 a U5 oblasti virovych LTR. Vznikne tak
dvouietézcova provirova DNA s tupymi konci (Wilhelm and Wilhelm, 2001). Tohoto procesu
se rovnéz ucastni dUTPasa, ktera ziejmé kompenzuje aktivitu bunéénych deaminas z rodiny
APOBEC. Ty jsou inkorporovany do virové ¢astice a mohou zpiisobovat transici C na U béhem
reverzni transkripce. Jakmile dorazi reverzné-transkripéni komplex k jadru, je jiZ reverzni
transkripce témet hotova a komplex se méni na preintegracni, obsahujici RT, IN a dsDNA
genom. Mechanismus vstupu do jadra je riizny u riznych retrovird, translokace jadernymi pory
je ale vZzdy ATP dependentni proces (Bukrinsky, 2004). Integrasa zajisti vioZzeni DNA proviru
do genomu hostitele, tohoto procesu se pravdépodobné tcastni i bunéné opravné mechanismy
(Skalka and Katz, 2005). Mistem integrace jsou oblasti s vysokou transkripéni aktivitou bez
dalsi preference.

Prvnim krokem pozdni faze je transkripce virové RNA z integrované provirové DNA.
Primérni transkript slouzi jednak jako genomova RNA pro nové vznikajici virové Castice,
jednak jako informaéni molekula pro produkci virovych proteini. M-PMV obsahuje dvé
sesttihova mista, rozeznavana bunéénym komplexem, vznika tak RNA kodujici Env. Vétsina
bunéénych pre-mRNA je sestiizena a polyadenylovana pied svym exportem z jadra. RNA M-
PMV je z jadra exportovana pomoci oblasti CTE (constitutive transport element), interagujici
S buné¢nym exportnim faktorem NXF1 (Gruter et al., 1998). Po transportu virovych mRNA do
cytoplasmy je zahajena translace polyproteint Gag, Gag-Pro, Gag-Pro-Pol a Env. Prvni tii jsou



translatovany na volnych polysomech v cytosolu a prostfednictvim interakce své CTRS
domeény s dyneinem jsou kotranslaéné transportovany k mikrotubularnimu organiza¢nimu
centru, kde oligomerizuji za vzniku nezralé ¢astice. Svou roli zde hraje i vbalovanad RNA, ktera
indukuje konformacni zmény vedouci k multimerizaci a naslednému skladani (Ulbrich et al.,
2006). Signalni sekvence W se nachazi v intronu mezi donorovym mistem pro sestiih a
zhruba sférické nezralé¢ castici jsou molekuly Gag uspotfadany radialné, s N-terminalni
domenou (MA) orientovanou vné¢ a C-terminalni doménou (NC-p4) smétujici do vnitiku
castice. Nezralé Castice jsou poté transportovany endosomalni drahou a pfi transportu se setkaji
s molekulami Env. Puceni virovych Casti je zavislé na bunééném komplexu ESCRT I - Il
(endosomal sorting complex required for transport), a to prostiednictvim interakce s pozdnimi
doménami. M-PMV prokazatelné interaguje s BUL1, coZ je Nedd4-ubikvitin ligasa, pfi¢emz
tato interakce stac¢i pro indukci aktivity ESCRT (Freed, 2002). Maturace nastava poté, co
nezrala Castice opusti infikovanou buriku a je nezbytna pro infektivitu viru. Prvnim krokem
maturace je autoaktivace M-PMV proteasy, kterd zacina vyst€penim aktivni formy o velikosti
17 kDa. Ta je dale C-terminaln¢ $tépena (opét vlastni aktivitou) na dvé aktivni formy; 13 a
12kDa. V ¢asticich byly nalezeny dvé formy; jak proteasa o velikosti 17 kDa, tak 13 kDa
(Zabransky et al., 1998). Gag je béhem maturace $tépen na jednotlivé proteiny a dochazi
k preskupeni castice. NC a virova RNA vytvoii v centru ¢astice nukleoproteinovy komplex,
ktery je obalen CA, zatimco MA zistava asociovan s membranou. RovnéZz dochazi ke
zkracovani TM o 16 aminokyselin, které jsou klicové pro inkorporaci Env do virové Castice.
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Obr. 6 Zivotni cyklus M-PMV

1. Castice interaguje s receptorem cilové bunky; 2 fiize membran, uvolnéni virového core do
cytoplasmy; 3. transport core k jadru; 4. reverzni transkripce a tvorba preintegratniho
komplexu; 5. integrace proviru do genomu hostitele; 6. transkripce; 7. produkce virovych
prekursorti; 8. oligomerizace strukturnich polyproteind; 9. transport povrchovych
glykoproteinii k membranég; 10. endocytosa povrchovych glykoproteinti; 11. kotransport
virové Castice k membrané; 12/13. puceni a uvolnéni z hostitelské builky; 14. zrani Castice
(Grznarova, 2013) modifikovano



3.  Prehled fesené problematiky | - virologie

3.1 Vyfeseni struktury MA proteinu

Matrixovy protein plni celou fadu funkci v Zivotnim cyklu retroviru. JakoZto protein
nachézejici se ve zralém virionu nejblize cytoplasmatické membranég hraje roli pfi interakci jak
s membranovymi fosfolipidy, tak s obalovymi glykoproteiny. V ¢asné fazi zivotniho cyklu
hraje roli v cileni preintegra¢niho komplexu do jadra nové infikované burky. Jako N-terminalni
domeéna strukturniho polyproteinu Gag hraje také vyznamnou ulohu v cileni molekul Gag do
mista skladani. V MA proteinu M-PMV byla nalezena sekvence tzv. CTRS (z angl.
Cytoplasmic Targeting Retention Signal), oblast 43-60. Byla pfipravena fada fyziologicky
vyznamnych mutaci fenotypové se projevujicich zménou Zivotniho cyklu M-PMV - v
tkanovych kulturach byly pozorovany zmény mnozstvi, mista skladani a infektivity
vznikajicich virovych ¢astic. Pravdépodobné nejvyznamnéjsi z nich byla mutace R55F, ktera
zasadnim zpasobem méni morfogenetickou drahu M-PMV z typu D na typ C (Rhee and Hunter,
1990). Vzhledem k tomu, Ze aminokyselina Arg55 je ve strukture MA umisténa v prostorové
piistupné smycce, byla vyslovena hypotéza, Ze toto misto je interakénim partnerem pro slozku
bunééného transportniho mechanismu, a Ze zavedenou mutaci je tato interakce znemoZnéna.
Pomoci zkoumani exprese mutantnich prekursora Gag v raznych systémech bylo potvrzeno, ze
tato mutace nezpusobuje defekt ve skladani viriont, nybrz ma vliv na transport jejich
prekursoru. Tento fakt byl prokdzan dalSim experimentem, ve kterém byla CTRS matrixoveho
proteinu M-PMV vlozena do MA MuLV. Tento virus je predstavitelem C-typu
s charakteristickym skladanim na membrané. Vlozeni CTRS vedlo ke vzniku
intracytoplasmatickych ¢astic MuLV (Choi et al., 1999). Tim byla oblast CTRS definitivné
identifikovana jako transportni signal. Pozdéji bylo jesté prokazano, Ze tato doména
zprostredkovava interakci molekul Gag s dynein/dynaktinovym komplexem a zajistuje tak
kotransla¢ni transport molekul Gag do pericentriolarni oblasti bunky (Sfakianos et al., 2003).
To je vhodné misto pro skladani virovych kapsid, nebot” obsahuje mnoho chaperoni (interakce
molekul Gag s chaperonem TRiC byla dokonce prokdzéana (Hong et al., 2001)), navic slouzi v
bunce jako centrum organizace mikrotubult a muze tudiz zprostiedkovat interakci s
cytoskeletem a vezikularnim transportnim systémem bunky. SloZzené kapsidy jsou pote
transportovany z pericentriolarni oblasti k membrané pravdépodobné prostrednictvim slozek
systému recykla¢nich endosomu.

PrestoZze primarni struktura MA proteinu nevykazuje vysokou vzajemnou homologii,
jejich terciarni struktura je aZ piekvapivé podobnd. Z vyteSenych trojrozmérnych struktur MA
nékolika retrovird lze usoudit, Ze zakladnim strukturnim rysem vsech retrovirovych MA je
strukturni motiv nékolika a-helixi propojenych kratkymi flexibilnimi smyckami. Kromé
podobné vzajemné orientace helixta uvniti molekuly je téz zajimave, Ze vSechny MA vystavuji
vétSinu svych basickych postrannich fetézcu na jedné strané molekuly. To souvisi s roli oblasti
basickych aminokyselin pfi interakci s membranovymi fosfolipidy. Struktura MA M-PMV byla
publikovana jiz v roce 1997, uréeny vSak byly pouze polohy uhlikovych atomu, tvoricich patef
molekuly (Conte et al., 1997). Jednim z prvnich tkold, na kterych jsem se v ramci své prace



podilel, bylo vyfeSeni prostorové struktury mutantu R55F, ve snaze odhalit molekularni
podstatu fenotypové zmény skladani. Soucasné s tim byla de novo fesena struktura nemutované
formy proteinu, nebot’ publikovana data k detailnimu porovnani nestacila. V obou piipadech
byla fesena struktura nemyristoylované verze proteinu. Jiz identifikace helikdlnich domén na
zéklad¢ indexti chemickych posunti ukdzala, ze obé formy proteinu maji, stejné¢ jako jiné
retrovirové MA proteiny, ¢tyfi helixy. Nejvétsim rozdilem je oviem vzajemnd orientace N- a
C-koncovych ¢asti MA proteinu, tj. mezi dvojicemi helixt I, IT a III, IV (Obr. 7). Vyjadtime-li
tuto zménu jako zménu uhlu mezi podélnymi osami helixu Il a Ill, zjistime, Ze zatimco u
nemutované formy MA jsou tyto helixy k sobé témé&f kolmé (tithel 98 stupna), u mutantu R55F
sviraji uhel 322 stupiiti. Uhly svirané podélnymi osami helixa | a 11, p¥ipadné 111 a IV se ptitom
od sebe vyznamné nelisi (124 stupnt versus 120 stupnu a 172 stupna versus 175 stupni).

helix |

Obr 7. Graficka reprezentace vyfeSené struktury MA a mutantni formy R55F. Struktury jsou
zarovnany pres helix III a IV, aby byla znatelna zména tthlu mezi helixem II a III

Druhym podstatnym rozdilem mezi obéma molekulami je fakt, Ze helix IV a nasledn¢ cely
C-koncovy zbytek molekuly R55F za helixem Il je oto¢en kolem podélné osy helixu Il cca o
100 stupnu oproti nemutované formeé (Obr. 8).

Hnaci silou obou téchto strukturnich zmen, tj. reorientace celé C-koncové casti MA
proteinu vzhledem k jeho N-koncové doméné a rotace helixu IV kolem osy helixu III, je ziejmé
tendence hydrofobniho a objemného zbytku aminokyseliny fenylalaninu schovat se pred
vodnym prostredim. Pavodni hydrofilni aminokyselina arginin takovou tendenci neméla a
postranni fetézec Arg55 tréi z proteinové globule nemutované formy MA ven. (Pfiloha 1)
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Obr 8. Superpozice struktur obou proteint pies oblast helixt I11, dobte patrné je vzajemneé
otoceni helixa IV

3.2 Interakce virovych polyproteinil s bunéénymi motory

Eukaryotické buiiky organizuji svou cytoplasmu pfesunem organel a makromolekularnich
komplexti podél mikrotubulii a aktinovych vldken. Tyto pohyby jsou zprosttedkovany fadou
motord, které musi specificky rozezndvat transportovanou molekulu. Jednim z takovych
motoru je i dynein, masivni molekularni motorové komplexy o velikosti 1 — 2 MDa. Pohybuji
se opacnym smérem nez kinesiny, tedy vzdy k (-) konci mikrotubult. Vazbu k mikrotubuliim
zprostiedkovavaji dva tzv. t¢zké tetézce (DHC) o molekulové hmotnosti cca 500 kDa, které
tvoii homodimer a vykazuji motorickou aktivitu pfi souasné hydrolyze ATP. Tzv. stiedné
tézké tetézce (DIC, cca 74 kDa) se podileji na cileni transportu piepravovanych molekul.
Stredné lehké fetézce (52 - 61 kDa) reguluji aktivitu dyneinového motoru. Posledni sloZkou
komplexu jsou tzv. lehké fetézce (DLC, 8-22 kDa), rozeznavajici transportovane molekuly Jiz
diive bylo prokazano, Ze cileni Gag k mistu skladani je zavisle na neporuSeném
mikrotubularnim systému bunky. NaruSi-li se organizace mikrotubull napt. uCinkem
nocodazolu ¢i sniZzenim teploty na 20 °C, Gag ztraci perinuklearni lokalizaci (Sfakianos et al.,
2003). Z nami vyresené struktury MA proteinu vyplyva, ze diive nalezena doména CTRS
(zodpovédna za cileni prekursortt Gag do pericentrionalni oblasti) tvoii svou ¢asti ohebnou
smycku mezi helixy II a III a nachazi se na povrchu molekuly MA proteinu. Nam se podafilo
prokazat diive navrzenou hypotézu, Ze Tctex-1 (téZ nazyvan DYNLTL1), komponenta
dyneinového motorového komplexu, je interakénim partnerem MA proteinu. Zjistili jsme to
pomoci porovnani lokalizace polyproteinu Gag v bunikach bez a s potlatenou expresi
fyziologické hladiny Tctex-1 pomoci siRNA. Soucasné jsme tim zjistili, Zze fenotypové
zajimavy mutant R55F s Tctex-1 neinteraguje, a to ani in vivo, ani in vitro v interak¢nich
studiich, vyuzivajicich imobilizovaného MA proteinu s GST kotvou. (Ptiloha 2)

3.3 Myristoylovany matrixovy protein

VétSina retrovirovych matrixovych proteinli je N-termindln¢ myristoylovana. Pfipojeni
nasycené C14 mastné kyseliny na N-terminalni glycin je pomérné bé&Zna posttranslacni
modifikace eukaryotickych proteint, odhaduje se, Ze zhruba 0,5 % vsech kodovanych proteint



mize byt substratem pro  N-myristoyltransferasu  (myristoyl-CoA:glycylpeptid
N-myristoyltransferasa, EC 2.3.1.97). Role této modifikace mize byt ve stabilizaci struktury
proteinu kvuli snaze mastné kyseliny zanofit se do hydrofobni kapsy proteiny. Myristoylace je
rovnéz jedna ze tfi acylaci, které zprostfedkovavaji vazbu na membranu (Resh, 1999).
Dulezitost myristoylace byla prokazana pii transportu molekul Gag do mista skladani. Myristat
je rovnéZ spolu s oblasti basickych aminokyselin esenciélni pro asociaci Gag s plasmatickou
membranou (Manrique et al., 2004). Vazba MA na plasmatickou membranu musi byt
dostate¢né silna, ale zaroven reverzibilni, aby mohl byt samotny MA zralého viru po infekci
uvolnén. Proto existuje MA ve dvou konformacich — se zanofenou a exponovanou kyselinou
myristovou. Pfechodu mezi témito stavy se fika myristovy piepinac a byla prokazana i pro dalsi
myristoylovane proteiny. V cytoplasmé je myristat zanoien do hydrofobni kapsy v MA a k jeho
exposici dojde, az kdyz se Gag priblizi k plasmatické membrané. V ptipadé¢ HIV-1 MA bylo
prokazano, ze myristovy piepinac¢ je spoustén interakci s fosfatidylinositol -4,5-bisfosfatem
(Saad et al., 2006). Dale se ukazalo, ze MA domény Gag proteinil trimerizuji prave
prostiednictvim exponovanych myristata. Vzhledem k tomu, Ze trimery vznikaji lokalnim
koncentrovanim molekul Gag v oblastech lipidovych mikrodomén plasmatické membrany, je
pravé trimerizace spouStécim mechanismem pro myristovy piepina¢ matrixového proteinu
(Tang et al., 2004).

Pro studium piepinace jsme se pokusili ptipravit myristoylovany matrixovy protein M-
PMV v dostate¢ném mnozstvi a kvalité. Za timto G¢elem jsme protein produkovali v bakteriich
E. coli, nesoucich kvasinkovou N-myristoyltransferasu v médiu s pfidavkem kyseliny
myristové. Soucasnou produkci obou téchto proteini by mélo dojit ke kotransla¢ni modifikaci
vznikajiciho MA. Princip purifikace MA byl totozny s pfedchozim experimentem, tj. protein
byl produkovan ve fazi s 18 aminokyselinami fosfoproteinu (PP) nachézejicim se v molekule
Gag bezprostiedné za MA. C-konec tohoto fUzniho proteinu byl tvofen hexahistidinovou
kotvou pro purifikaci metaloafinitni chromatografii. V pfipadé¢ nemyristoylovaného proteinu
byla suspéchem pouzita rekombinantné pfipravena M-PMV proteasa, kterd uvolnila
z purifikovaného imobilizovaného MA-PP-His proteinu ¢isty matrixovy protein. Ponékud
piekvapivym zjisténim pro nas bylo, Ze rekombinantni myristoylovany protein je proteasou
Stépen vyrazné méné nez nemyristoylovany. Tohoto jevu bylo nakonec vyuzito pro odstranéni
¢asti MA proteinu, ktery nebyl myristoylovan, po expozici protease a promyti byl z NINTA
agarosy uvolnén vysokou koncentraci imidazolu prakticky c¢isty myristoylovany MA.
Porovnanim struktur nemyristoylovanych proteint MA a MA-PP-His se rovnéz ukazalo, Ze
extense na C konci neméa vyznamny vliv na strukturu samotného MA. (Pfiloha 3)

3.4 Role mikrotubulil v intracelularnim transportu prekursorti

Jak jiz bylo feCeno, retroviry vyuzivaji bunéénych mechanismti svého hostitele pro
produkeci vlastnich virionu. Je tedy nevyhnutelné, aby se na produkci a transportu prekursort
virové kapsidy podilelo mnoho bunéénych faktort. Jednou z experimentalnich vyhod M-PMV
napi. v porovnani s HIV je to, ze sklada castice uvniti cytoplasmy. Procesy skladani a puéeni
jsou tak prostorové i ¢asové oddéleny, coz z M-PMV déla nenahraditelny model pro studium



téchto procest. Vzhledem k tomu, ze kromé& mutace R55F byla nalezena i cela fada dalsich,
fenotypové zajimavych mutanti matrixového proteinu, zacalo byt zajimavé nalézt zpusob, jak
sledovat transport mutovanych forem MA v kontextu celého retroviru a porovnat s chovanim
nemutovanych forem. Dal§im diillezitym cilem bylo vyvinuti metodiky sledovéani kotransportu
Gag a Env, nebot’ o jejich transportu a zpusobu inkorporace Env do virové membrany se mnoho
nevi. Dosud pouZivané metabolické znaceni proteinu neposkytovalo dostateéné detailni nahled
na transport v zivé butice. Zacali jsme tudiz pracovat na systému fluorescencniho znaceni
s nédslednou mikroskopii v realném case. Za timto ucelem jsme se pokusili pfipravit Gag
s vloZzenym zelenym fluorescen¢nim proteinem (GFP). Obdobné vlozeni GFP do MA proteinu
Gag HIV bylo jiz publikovano (Muller et al., 2004). Byl tudiz pfipraven konstrukt pro vlozeni
genu pro eGFP (enhanced green fluorescent protein) misto genti pro a pol. Soucasné s tim byl
pro produkci Gag, coz mélo za nasledek nefunk¢ni sesttih. Tento fakt vedl k chybé v produkci
Env, bylo proto nutno pouZit kotransfekci s provirovou DNA. Timto zptsobem bylo dosazeno
morfologie a efektivity uvolnéni ¢astic srovnatelné s M-PMV divokého typu. Néasledné byla
intracelularni lokalizace znac¢eného Gag porovnana s imunofluorescenéné znacenym nativnim
Gag ve fixovanych buiikach a byla shledana ekvivalentni. Po potvrzeni pouzitelnosti nového
systému byly znacené virové Castice vizualizovany v zivych bunikach a jak kolokalizace, tak
kinetika prokazaly kli¢ovou roli mikrotubulti v intracelularnim transportu z pericentrionalni
oblasti k plasmatické membrané infikované bunky. Analyzou trajektorii zna¢enych virovych
castic byly nalezeny tfi populace — prvni vykazovala velmi maly laterdlni pohyb, ziejmé
z divodu ukotveni Castic na bunécné struktury. Druhd populace vykazovala typicky Browniiv
pohyb, pravdépodobné se jedna o kapsidy voln€ se pohybujici v cytoplasmé. Ttreti populace
vykazovala oscilaéni pohyby relativné dalekého rozsahu s kinetikou konzistentni s pohybem
po mikrotubulech. (Piloha 4).

3.5 Inkorporace obalovych glykoproteinti do virového obalu

Fluorescen¢ni mikroskopie zivych bun€k se ukazala jako nesmirn€ mocny nastroj.
Rozhodli jsme se proto zkusit vyfesit otazku, kde se setkaji obalové glykoproteiny s prekursory
Gag nebo slozenymi ¢asticemi. Bylo jiZ uvedeno, ze ¢astice M-PMV se skl&daji ze strukturnich
polyproteinit Gag, GagPro a GagProPol v definovaném poméru. Tyto polyproteiny jsou
syntetizovany na volnych polysomech v cytoplasmé a nasledné jsou transportovany
po mikrotubulech k mikrotubularnimu centru pomoci interakce s dyneinem. V této oblasti se
nachazi rovnéz mnoho chaperont, které procesu skladani napomahaji, bylo napt. prokazano,
Ze interakce s chaperonem TRIC stabilizuje M-PMYV Gag a zprostiedkovava jeho oligomerizaci
(Hong et al., 2001). Bylo rovnéz publikovano, Ze oligomerizace je indukovana konformaénimi
zménami Gag, indukovanymi specifickymi interakcemi s nesestiizenou virovou RNA (Ulbrich
et al., 2006). Prekursor Env je translatovan na endoplasmatickém retikulu a je nasledné
transportovan do lumen ER, kde tvoii trimery a je ¢asteéné glykosylovan. V Golgiho aparatu
je glykosylace dokonc¢ena a Env je rovnéZ rozStépen na povrchovou jednotku SU
a transmembranovou jednotku TM. Je zndmo, Ze prosta sekrece z Golgiho aparatu



na plasmatickou membranu by nezajistila inkorporaci Env do membrany pucici ¢astice,
pro tento ucel je tfeba, aby byl Env z plasmatické membrany endocytovan. Bylo totiz
publikovano, Ze mutace blokujici endocytosu Env zabranila jeho inkorporaci do viru (Song et
al., 2003). Kam je tedy Env endocytovan a kde se setkad s nezralou castici, bylo hlavnim
pfedmétem naseho zajmu. PouZzili jsme vektor s provirovou sekvenci, ve které byla do genu
transmembrénoveho proteinu Env vloZena kodujici sekvence pro cerveny fluorescenéni protein
mCherry. Experimenty na zivych burikach prokazaly lokalizaci mCherry v intracelularnich
vaccich neznamého pivodu. Provedli jsme proto kolokaliza¢ni studie se sadou ensodomalnich
markerti, zalozenych na RabGTPasach, znacenych pomoci eGFP. Timto zplisobem se nam
podatilo prokazat, ze TM je v membrané Rab7a pozitivnich endosomt a ¢astecné i v Rab9a
pozitivnich endosomech. Rab7a se pouziva Casto jako marker pozdnich endosomii, zatimco
Rab9%a predstavuje marker retrogradniho transportu z pozdnich endosom@ do Golgiho aparatu
(Barbero et al., 2002; Vanlandingham and Ceresa, 2009). Finalnim krokem potom byla
fluorescen¢ni mikroskopie zivych bungk, ve kterych byl sledovan soucasné pohyb molekul Gag
(znacenych eGFP) a molekul Env (znacenych mCherry). Ziskané vysledky nam umoznily
navrhnout mechanismus, kterym virus pravdépodobné omezuje riziko imunitni odpovéedi
hostitele, a to endocytosou molekul Env, dopravenych na povrch buiiky bez pfitomnosti
molekul Gag. Je-li tedy molekula Env transportovdna z Golgiho apardtu na membrénu
a soucasné neni endocyticky signal blokovan interakei s nezralou ¢astici, je Env endocytovan
a endosomalni drahou, zahrnujici Rab5a, Rab7a a Rab9a pozitivni endosomy se vraci zpét
do Golgiho aparatu, odkud muze cyklovat opét do pozdnich endosomu. Je-li pobliz
mikrotubularniho organiza¢niho centra pfitomna slozena nezrala castice, dojde k interakci
s molekulami Env, navazanymi na Rab9a pozitivni endosomy, coz nasledné vede Kk
kotransportu Castice a obalovych glykoproteint k plasmatické membrané (Obr. 9) (Ptiloha 5)
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Obr. 9 Model intracelularniho transportu a inkorporace Env



4. Prehled feSené problematiky II — testovani degradovatelnych
biomateriali

Jednou z vyznamnych spolupraci, kterou jsme navazali predevsim s Ustavem kovovych
materialii a korozniho inzenyrstvi a kterou nemohu opomenout, je prace na testovani novych
slitin pro vyuZiti v ortopedii. Nékteré ortopedické aplikace vyzaduji doCasnou fixaci napf.
komplikovanych zlomenin, s ¢imzZ je spojena nutnost pozdé&jsi reoperace (vyjmuti fixatoru),
ktera predstavuje dalSi zatéz pro pacienta a riziko pooperac¢nich komplikaci. Proto existuje
snaha vyvijet takové materialy, které jsou v téle odbouratelné. B€hem hojeni by se m¢l fixator
postupné vstiebavat/rozpoustét, ve vysledku by meél byt plné nahrazen zhojenou kosti.
Degradovatelné biomaterialy pro tyto Gcely musi spliiovat celou fadu Kkritérii — musi mit
dostate¢nou pevnost i modul pruznosti, jejich korozni rychlost musi odpovidat rychlosti vzniku
nové kostni tkang, degradacni produkty nesméji byt pro télo toxické a musi se z téla vyloucit
(Obr. 10). Prvnim krokem v testovani biomateriald je testovani in vitro (1épe feceno ex vivo,
nebot’ se jedna o test na zivych bunkéch tkanovych kultur). Stanovi se nejprve korozni rychlost
a poté se urcuje cytotoxicita. Tento postup je finanén¢ vyhodny, nebot umozni piipadné
vytrazeni nevhodnych slitin jesté pfed drahym a eticky komplikovanym testovanim na zviratech,
které je ovSem zdravotnickou legislativou vyzadovano pted povolenim pro humanni medicinu.

A
trvaly implantat
TR R R T
l degradovatelnyimplantat |
E potiebna mechanicka pevnost 7 2
— s o
= e
® ~
~
N e s N
. hojeni kosti M
_: ___p*" L o
e fynkEni faze absorptnifaze N\ 5

cas

Obr. 10 PozZadavky na stabilitu implantatu v zavislosti na ¢ase v souvislosti s dobou hojeni
kosti.

V soucasné dob¢ jsou komercné dostupné zejména materidly polymerni (kyselina
polymlécnd) a kompozitni (polymery s pfidavkem hydroxyapatitu), jejich mechanické
vlastnosti vSak limituji moznosti aplikace. EXxistuji proto snahy vyvinout degradovatelné
biomaterialy kovové, pficemz nadéjnymi kandidaty jsou zejména slitiny hoiéiku, ptipadné
zinku a zeleza.



4.1 Hoi¢ik a jeho slitiny

Hoi¢ik je biogenni prvek s hojnym vyskytem v lidském téle, ptebytek hotfe¢natych iontt
je navic snadno vylou¢en modéi. Historicky je jako biomaterial zndm jiz dlouho, velkym
problémem vsSak je vznik podkoznich kapes vodiku, vyluCovaného piili§ rychlou korozi.
Samotny hoi¢ik je malo pevny, pouziva se proto ve formé slitin s dalSimi legujicimi prvky.
Slitiny hoté¢iku maji vyznamné vétsi pevnost vtahu a vysSi lomovou houzevnatost nez
degradabilni polymery. V porovnani s pouzivanymi kovovymi materialy (ocel, titan) pro
zménu vykazuji vyznamné lepsi modul pruznosti, blizici se kostni tkani. Pouzitim hoic¢ikovych
slitin se tudiZ zmen3uje jev zvany stress shielding, tedy pievzeti zatéZze implantatem, resultujici

Vv zeslabeni okolni kostni tkan¢.
Degradaci hot¢iku ve vodném prostiedi 1ze popsat rovnici
Mg(s) +2 HZO(aq) - Mg(OH)Z(S) + HZ(g)

Snaha je vyvinout slitiny se zpomalenou korozi, aby se vznikajici vodik stihl difuzi dostat
Z mista implantatu a nebranil procesu hojeni. Druhou komplikaci je lokalni narust pH v okoli
hot¢ikového implantatu.

V soucasnosti jsou studovany zejména slitiny, ptivodné vyvinuté pro primyslové aplikace,
jako je napi. AZ31 (96 % hot¢ik, 3 % hlinik, 1 % zinek) nebo WE43 (93 % hoi¢ik, 4 % yttrium,
3 % smés kovli vzdcnych zemin). Paralelné se vyvijeji slitiny primarné urcené pro
biomedicinské pouziti, ve kterych je omezeno pouZiti potencidlné nebezpecnych prvki (hlinik).
Kromé vhodného slozeni slitiny 1ze korozni rychlost ovlivnit také dodate¢nym tepelnym nebo
mechanickym zpracovanim (napft. extruzi) ¢i povrchovou upravou slitin.

4.2 Zinek a jeho slitiny

Zinek je dalSim slibnym prvkem, korozni rychlost slitin zinku je totiZz v porovnani
s hot¢ikem nizsi. Pti korozi zinku rovnéz nevznika plynny vodik ani nedochazi k nartistu pH.
I zinek je biogenni prvek, jeho tolerovany denni pfijem je vSak vyznamné nizsi nez u hoiciku.
Samotny zinek je piili§ kiehky, v ivahu tudiz piipadd pouze jeho pouziti ve formée slitin,
nejcastéji s ptidavkem vapniku a stroncia.

4.3 Zelezo a jeho slitiny

Zelezo je rovnéz biogenni prvek, pouZitelny pro ptipravu degradovatelnych slitin. Jeho
korozni rychlost je v télnim prostiedi pfili§ pomala a je tudiz potieba jeho korozi urychlit. Je
potieba se rovnéz vypotadat s feromagnetickymi vlastnostmi Zeleza, které by mohly
interferovat s diagnostickymi metodami (napt. magneticka resonance). Metabolismus zeleza je
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a zinku, hrozi jeho ukladani v organech a jejich poskozeni.



4.4 Normy pro preklinické testovani implantatt

Implantaty jsou z legislativniho pohledu zdravotnickymi prostfedky a pfed uvedenim na
trh musi byt schvéleny. V porovnani s 1é¢ivy je vSak jejich vyvoj rychlejsi a vyrazné levnéjsi.
Pii hodnoceni rizik pouziti a schvalovani je postupovano dle norem, coZ jsou vSak pouze
soubory doporuceni. Nejpouzivanéjsi je fada norem ISO 10993 (Biologické hodnoceni
zdravotnickych prostfedkll), flexibilita v jejich pouziti a moznosti uprav vSak zpusobuji
neporovnatelnost vysledkii ziskanych v riznych laboratofich.

Normy fady 10933 doporucuji nejprve provést odhad rizika, uvazuje se potencidlni
uvolnéni Skodlivych latek a provadi se porovnani s jiZz schvalenym materidlem podobného typu.
Poté nasleduji testy cytotoxicity, genotoxicity, mutagenicity a dalsi.

4.5 Metody testovani

Pted zahajenim biologickych testl je nejprve urcena korozni rychlost. Jeji znalost je nutna
pro posouzeni odhadu rizik. Technik ur€ovani je mnoho, at’ jiz méteni vahového ubytku, méteni
koncentrace ionti uvolnénych do roztoku nebo elektrochemickou impedancéni spektroskopii.
U hoi¢iku lze rovnéz pouzit metodu jimani plynného vodiku. Korozni rychlost se nejcastéji
vyjadfuje v jednotkach mg/cm?/den nebo mm/rok. Je zavisla na slozeni zvoleného média (obsah
proteinil, pouzity pufr), jeho pH, atmosféte, teplote a na Case (nejedna se o linedrni d&j). I to je
spolu s volné nastavenymi parametry norem divodem, pro¢ nelze porovnavat korozni rychlosti
mezi jednotlivymi studiemi.

Prvni biologickou zkou$kou je test cytotoxicity in vitro (ISO 10993-5), coZ je test obecné
toxicity pfi kratkodobé exposici bez snahy odhaleni jejiho mechanismu. Pokud v testu uspéji.
Lze takové materialy povazovat za cytokompatibilni. Norma opét umoznuje nékolik typu
usporadani, a to zkouSku extraktd, zkouSku pfimym kontaktem nebo nepiimym kontaktem
(difuzi). Vyhodnoceni je pak kvalitativni nebo kvantitativni, hodnoti se ukazatele jako je
morfologie, viabilita nebo proliferace. Doporuceny jsou bunécné linie, konkrétné¢ mysi
fibroblasty L929, nebot’ jsou nendrocné na kultivaci a jsou zastupcem bunék, které ptichazi
s prostiedkem do styku. Nejcastéji se pouziva kvantitativni test na metabolickou aktivitu
S pouzitim vyluhti testovanych materiald, a to ptidavkem tetrazoliové soli (MTT, XTT, WST),
ktera je v pfitomnosti metabolicky aktivnich bunék redukovana na barevny formazan.
Absorbance vysledného roztoku je porovnana s neovlivnénou kontrolou a je pifimo umeérna
metabolické aktivité. Alternativou muze byt napf. pozorovani bungk po interakci s vyluhem
pomoci svételné mikroskopie v redlném cCase. Poté je kvantitativné vyhodnocena rychlost
bunééné adheze a doba zdvojeni v porovnani s kontrolou. V kontaktnim testu jsou buiky
aplikovany pfimo na povrch materidlu a po zvolené¢ dob¢ exposice jsou hodnoceny podobné
parametry jako u zkouSek s extrakty. Moznost normativniho vyhodnoceni zkousek shrnuje
tabulka 1.

Tabulka 1: Testy in vitro uvedené v norm¢ ISO 10993-5, jejich vyhodnoceni, vyhody

a nevyhody (Anderson et al., 2004; Houska, 2009; Wolf et al., 2013)



Zkouska na Zkouska piimym Zkouska nepfimym

extraktech kontaktem kontaktem
Kvalitativni - zhodnoceni - zona inhibice - zobna inhibice
vyhodnoceni morfologie
Kvantitativni - pfijem neutralni piijem neutralni
vyhodnoceni cervené cervené
- zkouska tvorbou MTT (XTT) X
kolonii
- MTT (XTT)
Vyhody - Ize volit podminky neni nutna extrakce neni nutna extrakce
extrakce a media lepsSi napodobeni moznost testovani
- sledovani vztahu podminek pouze jedné strany
davka-odezva materialu
Nevyhody - nutna extrakce riziko traumatizace pouze kvalitativni

bunék (zatiZeni,
pohyb materialu)

riziko teplotniho
Soku (tvorba

agarove vrstvy)

- zAvislé na
rozpustnosti latek
Vv agaru

- nutny rovny povrch
materialu

Mutagenni aktivita se nejéastéji méfi pomoci Amesova testu. PouZiva se kmen bakterie
Salmonella typhimurium s mutaci v genu syntézy histidinu. Je-li péstovana na minimalnim
médiu bez histidinu, bakterie neptezivaji. Po exposici bakterii sledované latce je sledovan rast
na meédiu bez histidinu. Jedna-li se o mutagenni latku, mtze nastat zpétna mutace, vedouci
k opravé puvodné defektniho genu, ¢imz bakterie znovu ziska schopnost syntetizovat histidin
a prezit. Kmen ma charakteristicky pocet spontannich revertantt, tj. bun¢k rostoucich na médiu
bez ovlivnéni mutagenem. Vysledny efekt je kvantifikovan porovnanim poctu Kkolonii
rostoucich na minimalnim médiu po ovlivnéni sledovanou latkou s poctem spontdnné
revertujicich bakterii.

Genotoxicitu Ize urcit napt. pomoci jednobunééné gelové elektroforézy, znamé téz pod
ndzvem kometovy test. V alkalickém uspotfadani se pouziva zejména pro detekci
jednotetézcovych zlomd, v neutralnim uspotadani poté pro stanoveni zlomt dvouietézcovych.
Bunky (Ize pouzit délici se 1 ned€lici se bunky zivocisné, rostlinné bunky nejsou vhodné kviili
své bunécné stén€) jSou po expozici extraktim zality do agarosy na mikroskopickém sklicku
a lyzovany. Zlomy v DNA jsou poté uréeny elektroforézou pii alkalickém pH. Komety jsou
barveny fluorescenénim barvivem (ethidium bromid, propidium jodid, akridinova oranz a jiné)
a mikroskopovany. Cim vét§i je mnozstvi zlomd, tim vétsi je ,,ohon“ za hlavou komety
(tvofenou neposkozenou DNA). Vyhodnoceni probihd bud’ softwarové, nebo vizudlné,
rozdélenim do kategorii dle miry poskozeni a stanovenim poctu bunék v jednotlivych
kategoriich po vyhodnocenti statisticky vyznamného souboru obrazii.



4.6 Testovani biodegradovatelnych slitin

Soubor vy$e zminénych metod byl aplikovan na fadu vzorkd, pfipravenych na Ustavu
kovovych materiald a korozniho inzenyrstvi VSCHT Praha ¢i na Ustavy fyziky materiali
Univerzity Karlovy.

V ptipadé slitin hoi¢iku s tzv. nizkotavitelnymi kovy byl testovan vliv riznych koncentraci
(1 - 7 % w/w) cinu, gallia a india na mechanické vlastnosti a byl ovétovan vliv koroznich
produktu na viabilitu bun¢k. Pouzivali jsme korozi ve fyziologickém roztoku (nejjednodussi
typ tzv. simulované télni tekutiny, SBF z angl.. Simulated Body Fluid), bun&tnou linii byla
U-2 OS, osteosarkomaticka linie blizkad kostnim buiikam téla. Zatimco ptidavek cinu je dobte
prostudovan, vysledky slitin s indiem jsou zatim rozporuplné a gallium nebylo dosud studovéano
viibec. Ukézalo se, Ze pfidavek india ma relativné maly piispévek ke zvySeni pevnosti a tvrdosti
slitiny, navic mélo indium (resp. jeho korozni produkty) dramatické cytotoxické vlastnosti.
Gallium zvySovalo pevnost i tvrdost, navic zvysilo plasticitu slitiny. V pfipad¢ legovani timto
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Slitiny Zeleza jsou lepsi pro nekteré typy implantati, jako jsou kardiovaskuldrni stenty
nebo porézni ortopedické implantaty. Jejich nejvétsi nevyhodou je pomald korozni rychlost
a feromagnetické vlastnosti, jak jiz bylo zminéno. Antiferomagnetickych vlastnosti lze
dosdhnout ve slitinach s niklem nebo manganem, nikl je vSak silny alergen a potencialni
karcinogen. Testovali jsme proto slitinu FeMn30 (w/w). Piidavkem manganu byla zvySena
korozni rychlost (zlistava vsak potad dosti nizka a bude ji tieba zvysit ptidavkem dalSich prvki)
a byly zlepSeny mechanické vlastnosti v porovnani s Cistym Zelezem i s bézné pouzivanou
nerezovou oceli 316L. Dlouhodoba koroze byla provadéna bud’ v simulované t€lni tekuting dle
Miillera (SBF - simulated body fluid) pii 37°C, nebo v DMEM (Dulbeccem modifikované
Eaglovo médium) v atmosféte 5% CO: pii 37°C). Toxicita byla métena pomoci WST-1 testu
s pouzitim bunék mysich fibroblastt L929. Ukazali jsme, ze ptidavek manganu vedl k lehce
zvysené toxicité (90% kontroly), kterd je ale stale v bezpe¢ném limitu a slitina je tak slibnym
meziproduktem pfi ptipravé biokompatibilnich slitin na bazi Zeleza (Ptiloha 7).

Zinek se Casto pouziva jako legujici prvek ve slitindch hot¢iku, pfiCemz je mozné
doséhnout az 50% obsahu zinku, takové slitiny vSak jsou obtizné pfipravitelné. Skupina prof.
Vojtécha na Ustavu kovovych materialti a korozniho inZenyrstvi jako prvni na svété piipravila
slitiny na bazi zinku s pfidavkem hoiciku. Byly testovany slitiny Zn-Mg (0-1.6 % w/w)
a systematicky sledovany jejich vlastnosti v porovndni s velmi slibnou, komeréné dostupnou
slitinou WE43 (Mg-4Y-3RE-0.4Zr). Krom¢ mechanickych vlastnosti byla intenzivné
studovana téz koroze v rliznych simulovanych télnich tekutinach a kromé cytotoxicity byla
provéiena rovnéz mutagenni aktivita a genotoxicita. Vysledky prokazaly zvySovani pevnosti
a sily slitiny se zvySujici se koncentraci hot¢iku, pti vyssich koncentracich Mg vSak dochazi ke
ztraté plasticity. Slitina Zn-0.8 Mg se jevi jako velmi slibnd, nebot’ presahuje vlastnosti dosud
pouzivanych biodegradovatelnych materialt (jako napft. kyselina polymlécnd), dosahuje velmi



podobnych mechanickych vlastnosti jako WE43, ma vsak vyznamné niz$i korozni rychlost, coZ
je vyhoda s ohledem na planované pouziti v piipravé stentll a zejména Sroubl a desticek
v kostnich implantatech (udrzeni 95 % zatéze po 6 tydnech po implantaci). Pfestoze zinek
vykazuje vyssi cytotoxicitu nez hoi¢ik, je slitina stle v normativnich mezich a nevykazuje
Zadnou genotoxicitu ani mutagenni aktivitu, byl proto doporuéen jeji postup do faze testovani
na zvitatech (Ptiloha 8).

Korozni zkousky kovovych biomateriald jsou provadény v riznych typech simulovanych
télnich tekutin. Téchto typt je celd tfada, liSi se zejména koncentraci chloridii a uhli¢itant,
stabilitou a schopnosti udrzet pH. To déale komplikuje jak porovndni vysledkii mezi
laboratofemi, tak predikci chovani slitiny v zivém systému na zakladé koroznich zkousek in
vitro. Vysledkem mize byt i nékolikandsobné nizs§i koroze in vivo, protoZe se na povrchu
implantatu vytvofi protektivni korozni vrstvy. Tuto situaci jsme se pokusili simulovat
preinkubaci v SBF pied vlastnimi koroznimi testy. Slitina Zn-1.5Mg byla dva tydny
inkubovana v SBF dle Miillera a nasledné byla analyzovéna vznikld vrstva a méfena korozni
rychlost a cytotoxicita uvolnénych produkti pii vlastni korozi. Zjistili jsme, Ze bchem
piedkoroze se slitina pokryje vrstvou s vysokym obsahem véapniku a fosforu. Fosfore¢nany mayji
vys$i odolnost (nizsi soucin rozpustnosti) nez napi. hydroxidy a slouc¢eniny Ca/P (apatity) jsou
také bunikami lépe snaSeny v porovnani napt. s oxidy. Preinkubace méla i pozitivni vliv
ve smyslu niz§iho uvoliiovani zine€natych ionti, coz vedlo k vyssi viabilit€ bunék pfi nepfimém
testu (Ptiloha 9).

Moderni technologie umoznuji celou fadu mechanickych tprav slitin, vedoucich ke zméné
jejich vlastnosti. Jednou z nich je metoda intenzivni plastické deformace (ECAP, z angl. equal-
channel angular pressing), spocivajici v protlacovani odlitku pravothlym kanalem. Pomoci této
metody Ize dosdhnout homogenizace a tzv. ultrajemnozrnného stavu. Na hot¢ikové sliting
LAE442 (Mg-4Li-4Al-2RE) jsme testovali vliv této Upravy na snhiZeni korozni rychlosti
v riznych SBF (Kirklandovo biokorozni médium a MEM) v porovnani s neoSetfenou (tedy
pouze litou a extrudovanou) slitinou. Byl rovnéZ testovan vliv piidavku fetalniho séra. Uprava
byla zjisténa v KBM s 10% FBS, tedy v médiu s obsahem proteinti a fyziologickou koncentraci
chloridi, pti¢emz metabolicka aktivita bun¢k po inkubaci s extrakty byla ve vSech ptipadech
srovnatelna s kontrolou (Pfiloha 10).



5. Zavér

Ve své védecko-vyzkumné cCinnosti jsem se zabyval zejména dvéma velkymi, tézko
slu¢itelnymi okruhy. Prvnim z nich, ktery povazuji za svou ,,srdecni zélezitost®, je vyzkum
Mason-Pfizerova opi¢iho viru, kterym se skupina prof. Rumla zabyva jiz fadu let. V ramci
tohoto vyzkumu jsme vyiesili strukturu N-terminalni domény strukturniho polyproteinu Gag —
matrixoveho proteinu, a to v nemyristoylované i myristoylované formé. Na zaklad¢ téchto dat
jsme byli, kombinaci biochemickych a molekularné biologickych metod ve spojeni zejména
s fluorescenéni mikroskopii, schopni objasnit fenotypové odchylky u mutantnich forem M-
PMV. Potvrdili jsme zasadni zménu struktury MA po zavedeni jednobodové mutace a prokazali
ucinek této zmény na Zzivotni cyklus ve smyslu ztraty schopnosti interakce s dyneinovym
komplexem. Zavedenim fluorescen¢niho znaceni Gag a pozdéji i Env jsme vytvotili funkéni
model, ktery nam umoznil sledovat transport strukturnich a obalovych proteinti v realném case
v zivych bunikach. Diky tomu jsme nésledné ovéfili hypotézu o misté setkani obalovych
glykoproteinti s molekulami Gag, resp. sloZzenou nezralou ¢astici. Vyuzili jsme ho rovnéz pro
testovani dalSich mutantt, tentokrat v cytoplasmatické doméné Env, ktera by m¢la interagovat
s matrixovym proteinem, nachazejicim se tésné pod membranou virové ¢astice.

Druhym okruhem je testovani biokompatibility biodegradovatelnych materidli, hlavné
kovovych slitin na bazi hoi¢iku, Zeleza a zinku. Zavedli jsme tadu metod, provéfili jsme
vhodnost doporucenych postupt pro korozni zkousky jak ve smyslu pouzitych buné¢nych linii,
tak zejména ve vybéru vhodné simulované télni tekutiny. Nasli jsme podminky vhodné pro
testovani a pomohli jsme tak nasim kolegim materialovym inZenyram pii vybéru vhodnych
legujicich prvki. Pro testovani hoicikovych slitin jsme rovnéz sestavili seznam doporuceni pro
zménu normy za UCelem piiblizeni se podminkam testovani in vivo a moznosti lepsi
porovnatelnosti mezi jednotlivymi laboratofemi. Metodika byla rovnéz vyuzita pro studium
vlivu metody ptipravy slitiny ¢i Gpravy povrchu vyrobené slitiny pro lepsi adhezi cilovych
bun¢k a jejich preziti.
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Biological context

Matrix protein (MA) is the N-terminal domain of
the Gag polyprotein in retroviruses. It plays an
important role in the transport of retroviral proteins
to the site of assembly of immature viral particles as
well as in their association with the cell membrane
and in budding (Wills et al., 1991). These so called
late phases of the retroviral life cycle have been
potential targets for intervention that might lead to
the development of a new type of drugs against HIV
or other retroviruses. Therefore, a better under-
standing of the mechanism of immature viral capsid
assembly is an inevitable prerequisite for developing
an efficient strategy for affecting this phase of the
retroviral life cycle.

Mason-Pfizer monkey virus (M-PMYV) belongs
to the family of betaretroviruses (formerly called
D-type retroviruses) which are characterized by a
different mechanism of immature capsid assembly
compared with a more extensively studied class of
lentiviruses (formerly C-type), where HIV-1 is the
best known member. While M-PMV forms
immature virions within cytoplasm of infected cells
and the virions are then transported to the plasma
membrane, polyprotein precursors of lentiviruses
are directly transported to the cell membrane
where the process of assembly takes place (Rhee
et al., 1990). It was demonstrated that a replace-
ment of arginine in the position 55 in the sequence

*To whom correspondence should be addressed. E-mail:
vlachj@vscht.cz

of MA protein of M-PMYV for a large hydrophobic
amino acid residue, i.e. tryptophane or phenylal-
anine, results in a dramatically changed morpho-
genesis of M-PMV (Rhee et al., 1991). In this
aspect the virus then behaves similarly as HIV-1,
i.e. it assembles the immature virions at the plasma
membrane. We have started a comparative struc-
tural study of WT MA and R55F mutant with the
aim to reveal possible structural changes caused by
the single point mutation. We present here the
assignment of the backbone as well as side-chain
resonances of both proteins.

Methods and experiments

For preparation of the proteins we used a bacterial
expression vector pETMAPPHis containing the
genes encoding the wild type M-PMV matrix
protein or the R55F mutant in fusion with part of
phosphoprotein and a histidine tag. The fusion
protein was expressed in E. coli strain BL 21 (DE3)
under the control of bacteriophage T7 promoter.
The cells were grown ecither in a double labeled
(3C/"°N) rich growth medium (OD2, Silantes,
GmbH, in case of R55F) or in a minimal growth
medium (containing '*C¢-D-glucose and '°N
ammonium chloride, Spectra Stable Isotopes, in
case of WT) and induced by addition of IPTG.
The cells were harvested 4 h after the induction
and lysed using lysozyme, sodium deoxycholate
and sonication. The fusion protein was purified
using Ni-NTA agarose column and matrix protein
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was liberated from the fusion by the specific
action of purified recombinant M-PMV protease
(Zabransky et al., 1998; Rumlova et al., 2001).
Released MA protein was further purified by gel
permeation chromatography on Sephacryl 100
column (HR 16/26, Pharmacia), concentrated by
ultrafiltration to the final concentration of 1 mM
(measured by UV absorption using the recalcu-
lated extinction coefficient of 23590 mM ™' cm™" at
280 nm for both MA proteins) in NMR buffer
(50/100 mM phosphate buffer, 100/200 mM NaCl,
10 mM DTT, 5% D,O, pH 6).

NMR experiments were performed on a Bruker
DRX-500 Avance spectrometer equipped with a
triple-resonance probe with three-axes actively
shielded gradient coils at 25 "C. Backbone and side-
chain atom resonances were assigned using the fol-
lowing experiments: 2D 'H-'"N HSQC and 'H-"*C
HSQC, 3D HNCA, HN(CO)CA, HNCACB,
CBCA(CO)NH, HBHA(CBCACO)NH, CC-TOC-
SY(CO)NH and H(C)CH-COSY. NMR data were
processed with the NMRPipe software (Delaglio et
al., 1995) and analyzed in Sparky (Goddard T.D.
and Kneller D.G., SPARKY 3, University of Cali-
fornia, San Francisco).

Extent of assignments and data deposition

Complete assignment of the backbone resonances
of both molecules has been obtained for most of
the non-proline residues. Hn-N signals were not
detected for several residues from the ends of the
helical motifs, presumably due to the chemical
exchange of Hy protons with water. The carbonyl
carbons were not assigned for R55F MA. The
resonances of side chain atoms were assigned to
the extent of 65 % (WT) and 55 % (RS55F), con-
sidering all assignable atoms (‘H, *C, '°N).

A comparison of a part of 'H-'>N HSQC
spectra of WT and RS55F MA is shown in
Figure 1. '"H and >N chemical shifts are nearly
identical for most residues. However, the chemical
shifts differ substantially for the residues in the
vicinity of the mutation point, probably due to
large structural changes caused by the replacement
of the hydrophilic side-chain of arginine 55 for a
more hydrophobic phenylalanine.

The secondary structure of the proteins was
predicted based on C,, Cg, H, and C’ (for R55F
without C’) chemical shifts using the CSI program
(Wishart and Sykes, 1994). The analysis revealed
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Figure 1. A part of overlayed 2D '"H-'>N HSQC spectra of
WT and R55F MA proteins. The assignments of the WT MA
resonances are in regular font, the assignments of the RS5F MA
resonances in bold oblique. The arrows indicate the largest
differences in signal positions between WT and R55F MA.

four a-helical regions in both, WT and R55F MA,
which is a typical feature of retroviral matrix
proteins (Turner et al., 1999). The assignments of
both proteins have been deposited in the Bio-
MagResBank (http://www.bmrb.wisc.edu) under
accession numbers 6400 (WT) and 6401 (R55F).
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Despite extensive data demonstrating that immature retroviral
particle assembly can take place either at the plasma membrane or
at a distinct location within the cytoplasm, targeting of viral
precursor proteins to either assembly site still remains poorly
understood. Biochemical data presented here suggest that Tctex-1,
a light chain of the molecular motor dynein, is involved in the
intracellular targeting of Mason-Pfizer monkey virus (M-PMV)
polyproteins to the cytoplasmic assembly site. Comparison of the
three-dimensional structures of M-PMV wild-type matrix protein
(wt MA) with a single amino acid mutant (R55F), which redirects
assembly from a cytoplasmic site to the plasma membrane, re-
vealed different mutual orientations of their C- and N-terminal
domains. This conformational change buries a putative intracellu-
lar targeting motif located between both domains in the hydro-
phobic pocket of the MA molecule, thereby preventing the inter-
action with cellular transport mechanisms.

capsid assembly | dynein motor | matrix protein structure |
retrovirus | transport

G ag polyproteins are major structural subunits of immature
retroviral capsids and contain the determinants that medi-
ate interactions with viral genomic RNA as well as particle
assembly. The molecular mechanisms that control the accumu-
lation of Gag molecules at the sites of assembly vary among
retroviruses. Based on the assembly site, retroviruses have been
shown to follow two major morphogenic pathways (1). While
alpharetroviruses, gammaretroviruses, and lentiviruses (C-type
retroviruses) assemble immature capsids at the inner side of the
plasma membrane, the capsids of betaretroviruses (B/D-type)
are formed in the cytoplasm. It has been shown that Mason—
Pfizer monkey virus (M-PMV), which is the prototype of the
D-type retroviruses, assembles at the pericentriolar region of an
infected cell (2). Numerous studies have demonstrated that the
matrix protein (MA), located at the N terminus of the Gag
polyprotein, is responsible for targeting the polyprotein precur-
sors to the site of assembly and for mediating transport of
immature retroviral particles to the plasma membrane where
budding occurs (3). A subtle difference in the regulation of the
transport process has been suggested, as the results from several
laboratories indicate that the destination of polyprotein precur-
sors can be altered by mutations within MA. Amino acid
substitutions in several domains of HIV-1 MA dramatically
reduced the efficiency of particle production and redirected the
majority of them to cytoplasmic vacuoles (4). Similarly, a sub-
stitution of basic for acidic residues in helix A of HIV-1 MA
caused relocation of virus assembly to intracellular locations and
produced normally budded noninfectious virions (5). Mutation
of the N-terminal polybasic region of Moloney murine leukemia
virus (Mo-MuLV) MA redirected virus assembly to the cyto-
plasm, suggesting a role of tryptophan residues in the intracel-
lular transport (6).

www.pnas.org/cgi/doi/10.1073/pnas.0801765105

The N terminus of MA from most retroviruses, including
M-PMV, is myristoylated (7). This modification has several
functions essential for the late phases of the viral life cycle. It
serves as an anchor for binding Gag to the plasma membrane;
provides the necessary conformation for the transport of assem-
bled immature D-type retrovirus particles (8); and together with
basic patches on the surface of MA, acts as a bipartite signal for
the transport of Gag polyproteins of C-type retroviruses to the
plasma membrane for assembly (9). Mutations that inhibit
myristoylation or disrupt these basic patches also alter mem-
brane binding and induce aberrant targeting of Gag to the
cytoplasm or to intracellular membranes in both C- and D-type
retroviruses (10). Molecular evidence for the interaction of
HIV-1 Gag with membranes was provided by NMR measure-
ments, which demonstrated that MA protein association pro-
moted exposure of a myristate that was otherwise sequestered in
the core of the molecule (10, 11). In M-PMV, the mutation
blocking N-terminal Gag myristoylation does not prevent intracy-
toplasmic assembly; however, it totally blocks the transport of
assembled viral capsids to the plasma membrane (8). Despite this
evidence linking Gag myristoylation to targeting of preassembled
intracytoplasmic immature particles to the site of budding and
release, the role of the bipartite signal in targeting M-PMV Gag
polyproteins to the assembly site is likely preempted by a dominant
signal that mediates intracytoplasmic assembly.

In addition to the typical modification by myristate, MA
proteins of retroviruses also share striking structural similarity
despite low sequence homology (12-14). All of the MA struc-
tures solved to date are predominantly formed of four closely
packed o-helices that are interconnected through loops and
whose mutual orientations are similar within all structures. In
addition to this conserved structural motif, lentiviral MAs
(HIV-1, SIV, and EIAV) contain an additional a-helix at their
C-termini.

Rather dramatic phenotypic changes induced by various point
mutations also suggest that MA molecules are structurally

Author contributions: J. Lang, E.H., R.H., and T.R. designed research; J.V., J. Lipov, M.R., V.V.,
P.S., Z.K., and R.H. performed research; J.V., J. Lipov, M.R., V.V., J. Lang, P.S., I.P., R.H., and
T.R. analyzed data; and J.V., J. Lipov, E.H., R.H., and T.R. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition Assignments of NMR chemical shifts and restraints for structure calculation
of the wild-type M-PMV MA and its R55F mutant were deposited in the BioMagResBank
(www.bmrb.wisc.edu) (accession nos. 6400 and 6401, respectively). Solution structures of
the proteins were deposited in the Protein Data Bank, www.rcsb.org [PDB ID codes 2F76 (wt
MA) and 2F77 (R55F mutant].

tJ.V. and J.Lipov contributed equally to this work.

TPresent address: Department of Biochemistry, University of Leicester, Leicester LE1 7RH,
United Kingdom.

*To whom correspondence should be addressed. E-mail: rumlt@vscht.cz.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0801765105/DCSupplemental.

© 2008 by The National Academy of Sciences of the USA

PNAS | July 29,2008 | vol. 105 | no.30 | 10565-10570

>
O
=]
-
]
@2
=]
13
=
=



http://www.pnas.org/cgi/content/full/0801765105/DCSupplemental
http://www.pnas.org/cgi/content/full/0801765105/DCSupplemental

Lo L

P

1\

BN AN PNAS D

adapted to mediate several fundamental and characteristic steps
of the retroviral life cycle. Perhaps the most dramatic effect on
morphogenesis was demonstrated by the replacement of arginine
55 of the M-PMV MA protein with a large hydrophobic amino
acid residue (i.e., tryptophan or phenylalanine), which resulted
in translocation of virus particle assembly to the plasma mem-
brane (15, 16). In this respect, the virus behaves similarly to
HIV-1 and other C-type retroviruses. The arginine 55 of M-
PMV resides in the cytoplasmic targeting/retention signal
(CTRS) spanning 18 aa residues from Pro-43 to Gly-60. The
CTRS is conserved among D-type retroviruses and serves as a
dominant translocation signal that directs M-PMV Gag precur-
sors to an intracellular assembly site. More generally, the CTRS
from M-PMV Gag is able to redirect the assembly site of C-type
Mo-MuLV Gag precursors from the plasma membrane to the
cytoplasm (17).

In this paper we demonstrate that a component of the dynein
motor machinery, Tctex-1 (also known as DYNLT1), is the inter-
action partner of wild-type (wt) M-PMV MA and not R55F mutant,
suggesting that this interaction is responsible for different pheno-
types of M-PMV carrying either the wt MA protein or its RSSF
mutant. The comparison of their three-dimensional structures
demonstrated substantial differences in the positions of the N- and
C-terminal domains and rotation of helix III along its longitudinal
axis. The driving force of this structural change is the tendency of
the molecule to bury the hydrophobic side chain of phenylalanine
into the core of the protein, thereby preventing interaction between
the CTRS and the dynein motor machinery.

Results

Tctex-1 Is Required for Pericentriolar Targeting of M-PMV Gag. The
cytoplasmic targeting of M-PMV Gag is controlled by a cyto-
plasmic targeting/retention signal within MA domain of Gag
polyprotein (17), and point mutations within this sequence
convert the type D to type C morphogenesis (15). Sfakianos et
al. showed that the intracellular destination of wt M-PMV Gag
polyproteins is the pericentriolar region of the cytoplasm and
indicated the involvement of dynein-dynactin motor in this
process (2). Another indication that the dynein motor can be
responsible for Gag transport originates from a yeast two-hybrid
screening that suggested Tctex-1 (t-complex testis-expressed-1)
protein, a light chain of the dynein motor complex, to be a possible
interacting partner (S. S. Rhee, personal communication).

To investigate the role of Tctex-1 in the transport of M-PMV Gag
to the cytoplasmic assembly site, we compared the intracellular
localization of wt Gag in 293T cells expressing physiological levels
of Tctex-1 with that in the cells where the production of Tctex-1 was
suppressed by specific siRNA. The effect of silencing was confirmed
by Western blot analysis of the siRNA-treated cells, in which
Tctex-1 levels were significantly reduced compared with the un-
treated control (Fig. 14). In the Tctex-1 silenced cells, targeting of
Gag to the pericentriolar region was blocked and most of the
precursor was found accumulated at the plasma membrane (Fig. 1B
Right). This contrasts to the noticeable intracytoplasmic accumu-
lation of Gag in cells with wt levels of Tctex-1, where most of the
Gag was either concentrated near the nucleus (Fig. 1B Left) or in
the punctate sites beside the concentrated Gag in the vicinity of
nucleus (white arrow in Fig. 1B Center). This effect of Tctex-1
depletion indicates the important role for this protein in the
pericentriolar targeting of the wt M-PMV Gag.

M-PMV wt MA Protein, in Contrast to the R55F MA Mutant, Interacts
with Tctex-1 in Vitro. To investigate this interaction and to
elucidate the effect of the R55F mutation, we incubated equal
aliquots of the same lysate of E. coli expressing human Tctex-1
(Fig. 2 A and C, lane 1) overnight with GST-Bind resin loaded
with identical amounts of purified and immobilized wt or R55F
mutant MA proteins C-terminally extended with GST. Although

10566 | www.pnas.org/cgi/doi/10.1073/pnas.0801765105
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Fig. 1. The effect of Tctex-1 on localization of M-PMV wt Gag. 293T cells
cotransfected by pPSARM4Gag vector and Silencer siRNA for Tctex-1 (DYNLT1)
were analyzed 24 h posttransfection. The cells were treated and stained with
FITC conjugated antibody as described in Materials and Methods. Nuclei were
stained by DAPI. (A) Western blot demonstrating the levels of Tctex-1 [de-
tected by T1 mouse monoclonal antibody (Upper)] and Gag [detected by
rabbit anti M-PMV MA antibodies (Lower)] in the control and Tctex-1-
depleted cells, respectively. (B) Intracellular localization of M-PMV Gag in the
control (Left and Center) and Tctex-1-depleted cells.

comparable amounts of wt and R55F MA were immobilized
(Fig. 2 A and B, lanes 2 and 3, respectively), Tctex-1 bound
efficiently only to wt MA (Fig. 2C, lane 2). In contrast, no
detectable amount of Tctex-1 bound to immobilized MA.R55F-
GST (Fig. 2C, lane 3). No nonspecific binding of Tctex-1 to the
GST-Bind resin was observed in the negative-control resin
lacking immobilized MA (Fig. 2 4 and C, lane 4).

These results demonstrate that Tctex-1 can bind efficiently to
M-PMV MA and that a point mutation in the CTRS sequence of
this protein abrogates the ability of MA to bind to the Tctex-1
protein.

Replacement of Arginine 55 with Phenylalanine in the Matrix Domain
Impairs the Interaction of M-PMV Gag with Tctex-1 in Mammalian Cells.
The intracellular interaction of M-PMV Gag polyprotein with
Tctex-1 was investigated further by a coimmunoprecipitation
experiment performed with lysates of COS-1 cells cotransfected

1 2 3 4
A ==
e w— - |4 MA-GST
- < Tctex-1
<+ MA-GST
C
B =y < Tctex-1

Fig.2. The in vitro interaction of M-PMV wt and R55F MA with Tctex-1. The
wt or R55F MA C-terminally extended with GST (MA-GST) were immobilized
on GST-Bind resin (Novagen) and allowed to interact with lysates of E. coli
BL21(DE3) cells expressing human Tctex-1. Proteins were resolved by SDS
Tris-Tricine acrylamide gel electrophoresis. (A) Coomassie blue-stained gel. (B)
Western blot; MA detected by rabbit anti-M-PMV MA antibody. (C) Western
blot; Tctex-1, detected by rabbit anti-Tctex antibody. Lane 1, total lysate of E.
coli BL21(DE3) after 4 h expression of Tctex-1; lane 2, binding of Tctex-1 to wt
MA-GST immobilized on GST-Bind resin; lane 3, binding of Tctex-1to MA.R55F-
GST immobilized on GST-Bind resin; lane 4, Tctex-1 applied on GST-Bind resin
(control of possible nonspecific Tctex-1 binding).

Vlach et al.
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Fig.3. Theinteraction of M-PMV wt and R55F Gag with human Tctex-1inthe
COS-1 cells. The interaction of Gag with Tctex-1 was determined by coimmu-
noprecipitation from the lysate of COS-1 cells cotransfected with vectors
carrying genes encoding human Tctex-1 tagged with a c-myc epitope (c-
mycTctexpCMV) and either wt Gag or R55F Gag as shown on top of the figure.
Gag and Tctex-1 proteins were resolved by SDS/PAGE or SDS Tris-Tricine
acrylamide gel electrophoresis, respectively. Rabbit anti-M-PMV CA and
monoclonal anti-c-myc antibodies were used for Western blot detection of
intracellular expression of Gag and Tctex-1 proteins, respectively. The com-
plexes were immunoprecipitated with rabbit anti-CA antibody. Monoclonal
anti-c-myc antibody was used for Western blot identification of immunopre-
cipitated Tctex-1. (A and B) Analysis of intracellular proteins. (C) Analysis of
immunoprecipitated material.

with expression plasmids for production of human Tctex-1
tagged with the c-myc epitope and M-PMV wt or R55F Gag
polyproteins. The molecular complexes were immunoprecipi-
tated from the cell lysates by polyclonal antibody against capsid
protein (a major immunogenic domain of Gag), and Tctex-1
interacting with the MA domain of Gag polyprotein was ana-
lyzed by Western blot using monoclonal anti-c-myc antibody.
This experiment confirmed a strong interaction of Tctex-1 with
the wt Gag (Fig. 3C, lane 4) compared to background levels of
binding by the R55F mutant (Fig. 3C, lane 5). No detectable
cross-reactivity of the antibodies was observed in the negative
control (i.e., lysate from nontransfected cells; Fig. 3, lanes 1).
Concentrations of the interacting partners in the samples sub-
jected to immunoprecipitation were comparable, as indicated by
Western blot analyses of Tctex-1 (Fig. 34) and Gag proteins (Fig.
3B) of nonimmunoprecipitated samples.

The experiments described above demonstrate that the wt MA
as an N-terminal domain of Gag interacts with Tctex-1, whereas
the R55F MA mutant does not. The results suggest that either
the amino acid motif per se or some structural change induced by
the mutation alters the morphogenesis pathway due to the
abrogation of the interaction between MA (or consequently
Gag) and the dynein cargo recognition component Tctex-1.

Comparison of Structural Motifs of wt MA Protein and the R55F
Mutant Reveals a Different Accessibility of the CTRS Sequence. We
solved and compared the solution structures of wt and RS5F MA
to provide structural evidence for a CTRS-Tctex-1 interaction
and to elucidate the mechanism of phenotype switching. Because
the structure of the M-PMV MA previously published by Conte
in 1997 (12) was deposited in the protein databank merely as a
Ce-trace (PDB accession code 1BAX), and no information
regarding side chains was available, we solved an ab initio NMR
structure of wt MA with a focus on a precise determination of
the mutual positions of the helices, the structure of the CTRS
region, and the definition of important side chains.

The secondary structure elements of both MA proteins follow
the canonical structural motif described previously for matrix
proteins of other retroviruses (10, 13, 14). The matrix proteins
are composed of four a-helices whose positions were assessed

Vlach et al.
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Fig. 4. Calculated structures of wt and R55F MA. Representative structures
of wt MA (A) and R55F MA (B) are colored in red (helix 1), yellow (helix II), light
blue (helix 111), and dark blue (helix IV), and the flexible loop between helices
I'and Il is in green (residues 42-51). Structures are displayed with identical
orientation of the C-terminal domain (helices lll and IV). Images were created
in Pymol (http://www.pymol.org).

from the calculated chemical shift index (18) and confirmed by
complete calculation of structures [supporting information (SI)
Table S1]. Helix I, spanning residues GIn-7-Thr-21, is joined to
helix II through an extended loop formed by residues Arg-22—
Lys-27 (Fig. 4). Helix II (residues Tyr-28—Asp-40) is terminated
by a semistructured loop (Thr-41-Phe-45). Our results did not
confirm the well defined 3;¢ helix in this region of the wt MA
reported previously by Conte (12). The linker between helices 11
and III continues by a rather flexible hairpin (Phe-45-Asp-52).
Numerous hydrophobic contacts have been found between
helices III (residues Ile-53—Phe-70) and IV (residues Thr-78—
Asp-91), which are connected by another semistructured loop
formed by residues Gly-71-Val-77. Importantly, we found sig-
nificant differences between the global folds of wt MA and the
R55F mutant. The major difference relates to the mutual
positions of their N- and C-terminal domains formed by helices
I and II and helices III and IV, respectively. The reorientation
of both domains can be expressed as a change of the angle
between the longitudinal axes of helices II and III, which is 98°
in the wt MA but increases to 322° in the RS5F MA mutant. On
the other hand, neither the angles between helices I and II nor
those between helices III and IV differ substantially in the two
molecules (124° vs 120° and 172° vs 175°, respectively). Another
important structural difference between the molecules is a
rotation of helix III of the R55F mutant along its longitudinal
axis by ~100° compared to the helix III of the wt MA (see Fig.
S1). These unexpected and relatively large changes in the global
folds of both molecules are documented by comparison of 'H
and BN chemical shifts (Fig. S2) and confirmed by measure-
ments of "H-N residual dipolar couplings (RDCs) and valida-
tion of the calculated structures against them (Fig. S3).

The determinant of these structural changes is the replace-
ment of the hydrophilic side chain of Arg-55 by a bulky and highly
hydrophobic phenylalanine. The side chain of Arg-55 in the wt
MA protrudes out from the protein globule while the aromatic
side chain of Phe-55 in the mutant is buried in the core of the
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Fig.5.
CTRS sequence (residues 43-60) is shown as a red ribbon and the rest of the
proteins as a gray van der Waals surface; residues 55 (Arg in wt MA and Phe
in R55F MA) are represented as green side-chain structures. C-terminal do-
mains (helices Il and 1V) are oriented identically in both molecules.

Different accessibility of CTRS sequence in wt MA (A) and R55F MA (B).

protein as shown in Fig. 5. This is presumably driven by a need
to prevent exposure of the hydrophobic side chain of Phe-55 to
the solvent. This lowering of the free energy of the molecule
through the hydrophobic effect results not only in the rotation
of helix III but also in the reorientation of the whole C-terminal
domain relative to the N-terminal domain. A result of these
conformational changes is that the RS5F MA CTRS is rendered
inaccessible for its proposed interaction with its cellular partner.
The sets of superimposed structures of both molecules showed
a large scatter in the region between residues Cys-42 and Ile-51,
which is the linker between helices II and III (Fig. S4). This is
also documented by comparison of positional pairwise RMSD
values for the backbone heavy atoms between the well ordered
parts (helices L, II, I11, and V), which were 0.69 A for the wt or
0.85 A for R55F, and values for the linker, which dropped to 2.38
A or 1.36 A, respectively. The results of a study of backbone
dynamics by measurement of relaxation behavior of N nuclei
confirmed that this loop (residues 42-51) together with both
termini represent the most flexible parts in the structures of both
proteins. However, the flexibility of this region expressed as the
order parameters S? of the individual peptide H-N bonds (order
parameter equals 1 for absolutely rigid bond and 0 for totally
flexible one, data shown in Fig. S5) is different for wt and R55F
MA, especially in the GIn-47-Arg/Phe-55 region. Although the
whole region (Phe-44 — Arg-55) is rather flexible in the wt structural
motif (average S? ~0.60), the amino acid residues following Thr-50
in the R55F mutant are significantly more rigid (S?> ~0.85). This
finding supports the structural data demonstrating that residues
GlIn-47-Phe-55 of the CTRS sequence are buried into the core of
the R55F molecule, which would limit their flexibility (Fig. 5).

Discussion

In this article we define an interaction partner of the M-PMV
matrix protein that is likely responsible for intracellular traffick-
ing of Gag polyproteins to the pericentriolar site of assembly. We
also provide structural data for a functional link between the
surface exposure of the CTRS and its role as a dominant
targeting motif via interaction with dynein molecular motors.
This provides a structural mechanism for the phenotypic switch
between intracellular assembly of wt M-PMV Gag and mem-
brane assembly for the RSSF mutant.

Numerous mutagenesis studies have demonstrated the key
role of the MA domain in the intracellular targeting and
transport of the Gag polyproteins of various retroviruses. De-
spite the remarkable similarity of the retroviral MA structures
solved to date, the destinations to which Gag molecules are
targeted vary. The biochemical data presented here demonstrate
that the wt M-PMV MA interacts with Tctex-1, a light chain of
the multisubunit dynein molecular motor, which was shown to be
responsible for recruiting cargos for retrograde protein transport
(19). This finding supports the concept that the CTRS is recognized

10568 | www.pnas.org/cgi/doi/10.1073/pnas.0801765105

by the dynein motor machinery for retrograde transport of Gag-
synthesizing polysomes, as initially suggested by Sfakianos and
Hunter (20). They reported that pericentriolar accumulation of
Gag is dependent on intact microtubule-mediated transport and
showed that both microtubule disruption by nocodazole, as well as
over-expression of the dynein motor component dynamitin,
blocked the pericentriolar accumulation of Gag. This finding is also
consistent with the fact that Tctex-1 was a prominent M-PMV MA
interacting partner in the yeast two-hybrid screening of a HelLa
cDNA library (S. S. Rhee, personal communication).

We have verified that the ability of Gag to interact with Tctex-1
in the cell lysate depended on the presence of the basic arginine at
position 55 in the matrix domain of M-PMV Gag and that the R55F
mutation abrogated this interaction. The pull-down experiment
demonstrated the interaction of purified wt MA-GST fusion pro-
tein with Tctex-1, and this interaction was confirmed in the context
of the intact Gag polyprotein by coimmunoprecipitation experi-
ments. The role of Tctex-1 in targeting of M-PMV Gag to the
cytoplasmic assembly site was confirmed by a silencing experiment
in which Tctex-1 was depleted by specific siRNA in the 293T cells.
Targeting to the pericentriolar regions was efficiently blocked in the
silenced cells and Gag was redirected to the plasma membrane (Fig.
1B Right). In contrast, we observed concentrated Gag localized near
the nucleus and in some cases punctate staining in cells expressing
normal levels of Tctex-1 (Fig. 1B Middle), reminiscent of data
previously described by Sfakianos and Hunter for M-PMV wt
Gag (2).

We also attempted to further characterize the MA-Tctex-1
interaction by mapping chemical shift changes of MA induced on
Tctex-1 binding. However, the titration of isolated “N-labeled wt
MA with isolated recombinant Tctex-1 did not yield expected shifts
within the MA spectrum. Moreover, in contrast to the Tctex-1-
containing cell lysate, the isolated Tctex-1 did not interact in the
pull-down experiment (data not shown), suggesting that a confor-
mational change of the Tctex-1 protein occurred during purification
or that an additional cellular factor or posttranslational modifica-
tion of MA might be involved in the interaction.

The solution structure of M-PMV wt MA shows that the
CTRS consists of two structurally diverse moieties. The N-
terminal region spanning residues Pro-43-Ile-51 forms a flexible
linker between helices II and III, and due to its location at the
periphery of the molecule, it is well tailored for the proposed
interaction with a Tctex-1 dimer. The C-terminal half of the
CTRS (residues Asp-52-Gly-60) is located at the beginning of
helix IIT and contains an amino acid sequence Lys-54—-Arg-55—
Trp-56—Arg-57-Arg-58, corresponding to the motif K/R-K/R-
X-X-K/R, which has been found within various proteins as a
consensus motif for the interaction with Tctex-1 (21, 22).

A comparison of the structures of the wt MA and its R55F
mutant shows a substantial difference in the accessibility of their
respective CTRS sequences. Whereas the whole CTRS is fully
displayed on the surface of the wt MA (thereby facilitating access
to the dynein complex), the CTRS sequence of the R55F mutant
is partially buried within the interior of the protein. Thus, in the
mutant, the entire CTRS C terminus (residues Thr-50-Gly-60)
would not be accessible for the interaction with Tctex-1 (Fig. 5B).
Consequently, attachment to the dynein motor and transport of
nascent R55F Gag proteins to their proper pericentriolar des-
tination would be blocked. We suggest that it is the large
reorientation of the whole MA domain and the limited access of
the CTRS sequence that is responsible for the altered transport
of Gag with the R55F mutation, rather than just the abrogation
of the putative KR(55)WRR binding signal within the CTRS.
This conclusion is supported by the finding that RS5A mutation
in M-PMV MA results in a mixture of both D- and C-type
morphogenesis, in contrast to the predominantly C-type mor-
phogenesis of the R55W or R55F mutants (C. Song and E. Hunter,
unpublished results). Nevertheless, it remains possible that these
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large conformational changes also interfere with the binding of
other cellular components that are necessary for correct intracel-
lular targeting of M-PMV Gag. However, the data described here
and the fact that CTRS contains the Tctex-1 interaction motif (21,
22) strongly argue that it is the sequestration of the CTRS imposed
by the R55F mutation that prevents the targeting of Gag, rather
than other consequences of structural changes.

In summary, wt M-PMV MA, in contrast to the R55F MA,
appears to interact with the dynein motor machinery through its
Tctex-1 light chain. These results are consistent with the concept
that the lack of interaction of the CTRS with this dynein
component is responsible for the altered morphogenesis of
M-PMV with a MA R55F mutation.

Comparison of the structures of wt MA and its R55F mutant
demonstrated that this mutation caused not only local structural
changes around the amino acid residue 55 but also global changes
in protein structure, as evidenced by the reorientation of the
mutual positions of the N- and C-terminal domains of the
molecule and rotation of helix III by 100° along its longitudinal
axis. Consequently, nascent Gag molecules bearing RSSF mu-
tation are not transported to the pericentriolar region of the cell,
and an alternative transport mechanism results in the assembly
of immature viral particles at the plasma membrane.

Materials and Methods

Construction of Expression Plasmids. The human Tctex-1 gene was obtained by
reverse transcription of total RNA from Hela cells and cloned into pET22b
(Novagen) and pCMV-c-myc (Clontech). M-PMV gag wt and gag R55F were
subcloned into pCMV (Clontech), and pSARM4 Gag was prepared by a deletion
of pro-pol-env from the proviral vector (23). The constructs encoding GST fused
to the C terminus of the MA wt and R55F were prepared in pET41a (Novagen).
Bacterial plasmids for expression of pETMAPPHis and pETMAR55FPPHis, used for
NMR studies, were prepared as described previously (18).

GST Pull-Down. Human Tctex-1pET22b was expressed in Escherichia coli BL21
cells. The cleared lysate of the cells, lysed 4 h postinduction by lysozyme in the
presence of SDS, was used for binding studies.

M-PMV MA.wt-GST and MA.R55F-GST were expressed in E. coli BL21 as
described above. The proteins were extracted into wash/bind buffer (Nova-
gen) and applied on GST-Bind resin. The resin was washed with three bed
volumes of wash/bind buffer and then with three bed volumes of binding
buffer B (25 mM Hepes, pH 7.5; 25 mM NaCl; 1% Triton X-100; 2.5 mM CaCly;
1 mM MgCly). The resin with immobilized MA wt or MA R55F protein was then
incubated overnight at4°Cwith the cleared lysate of E. coli expressing Tctex-1.
The resin was then thoroughly washed with binding buffer B, resuspended in
2xSDS sample buffer, and boiled for 5 min. The bound proteins were resolved
by Tris-Tricine electrophoresis and stained by Coomassie blue G-250 or blotted
and detected immunochemically, by rabbit anti-M-PMV MA (RbxMPMV MA)
or rabbit anti-human Tctex-1 (RbxTctex, kindly provided by S. King).

Coimmunoprecipitation. COS-1 cells were cotransfected with c-mycTctex.pCMV
and wtGag.pCMV or R55FGag.pCMV by using FUGENE 6 Reagent (Roche Applied
Science). Two days post transfection, the cells were washed once with PBS and
lysed in Co-IP buffer [20 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1 mM EDTA; 1 mM
DTT; 0.1 mM MgCly; 0.5% Nonidet P-40; protease inhibitor mix (Sigma)] for 15 min
onice. The cell lysate was cleared by centrifugation. One fifth of the cleared lysate
for each sample was mixed with 2xSDS sample buffer and used for Western blot,
with monoclonal anti-c-myc and rabbit anti-M-PMV CA antibodies. The rest of the
samples of the cleared cell lysates were incubated with rabbit anti-M-PMV CA
antibody overnight at 4°C, and the bound complex was precipitated by protein
A for 2 h at 4°C. The pellets were washed three times with Co-IP buffer and then
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signal directs nascent Gag polypeptides to a pericentriolar region of the cell. Traffic
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3. Freed EO (2002) Viral late domains. J Virol 76:4679-4687.

4. Freed EO, Orenstein JM, Bucklerwhite AJ, Martin MA (1994) Single amino-acid changes
in the human-immunodeficiency-virus type-1 matrix protein block virus particle-
production. J Virol 68:5311-5320.
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once with PBS. Proteins were resolved by SDS/PAGE and electroblotted, and
bound c-myc-tagged Tctex was detected using anti-c-myc antibody. Western
blots were developed by using SuperSignalWest Femto (Pierce).

Tctex-1 Silencing and Immunofluorescence Microscopy. 293T cells grown on
coverslips were co-transfected by pSARM4Gag vector and predesigned Si-
lencer siRNA (#s13947, Ambion) for Tctex-1 (DYNLT1). The silencing effect was
determined 24 h post transfection by SDS/PAGE and immunoblotting with T1
mouse monoclonal antibody (gift of Dr. Kevin Pfister) (24). For immunoflu-
roescence, the cells were washed twice by preheated PBS and then fixed for 2
min with —20°C acetone. Cells were re-hydrated in PBS containing 0.1%
TX-100, blocked (2% BSA in PBS) and incubated with rabbit anti-MA poly-
clonal antibody (prepared in our laboratory 1:100) for 1 h. Cells were washed
by PBS containing 0.1% TX-100 and incubated with FITC-conjugated anti-
rabbit antibody (1:300, Sigma-Aldrich) for 1h. Nuclei were stained by DAPI.

NMR Spectroscopy. NMR data were acquired on a Bruker Avance DRX 500
spectrometer (500.13 MHz for 'H) at 25°C, processed using NMRPipe software (25)
and analyzed in Sparky. Distance restraints for structure calculations were ob-
tained from edited ('3C/'>N) 3D NOESY spectra. 'H chemical shifts were refer-
enced directly to the internal standard (DSS) and '3C and >N chemical shifts were
referenced indirectly using ratios of NMR frequencies. >N relaxation data (lon-
gitudinal relaxation time Ty, transverse relaxation time T, and heteronuclear
{"H}-">N NOE) were measured on uniformly >N labeled samples of both
proteins using a conventional set of experiments. Dynamic parameters of the
backbone were derived from the experiments using the Lipari-Szabo motional
model (26).

Structure Calculation of wt MA and R55F MA Proteins. The calculation of wtand
R55F MA protein structures was based on interproton distance restraints
derived from NOESY spectra, dihedral angles ¢ and y, and a regular hydrogen
bond network. An estimate of backbone dihedral angles ¢ and ¢ was per-
formed in TALOS program based on 'He, 3Ce, 13Ch, 13C’, and "N chemical
shifts. Hydrogen bond restraints were used for a-helical segments identified
in later stages of computation. The Aria software package (version 2.0alpha)
was initially used to calibrate NOE restraints, to assign NOESY cross peaks, and
to calculate preliminary structures. Distance restraints, together with dihedral
angles and hydrogen bond restraints, were then used as an input for Xplor-
NIH (27), where the final sets of 100 (wt) or 50 (R55F) MA structures were
calculated using standard protocol for torsion angle dynamics and simulated
annealing. Distribution of ¢ and s dihedral angles in the Ramachandran core,
additional allowed, generously allowed, and disallowed regions for the 20 best
WT structuresis (%) 88.6 = 2.1,9.8 = 1.9, 1.2 = 0.9 and 0.3 * 0.5, respectively; and
for 18 best R55F structures, 91.2 + 1.5,7.7 = 1.7, 1.1 £ 1.0and 0.1 = 0.3.

The accuracy of calculated structures was validated by comparison of mea-
sured and back-calculated RDCs. The signal splittings of isotropic and partially
aligned wt or R55F MA in 5.5% or 4.5% polyacrylamide gel, respectively, were
measured by using the DSSE-H,">N-HSQC experiment (28), yielding one-bond
TH-">N RDCs. The synthetic RDCs were back-calculated by singular value decom-
position method from a set of eight (wt MA) or six (R55F MA) structures recalcu-
lated with RDC constraints, and correlated with the measured values (Fig. S3). The
back-calculations and analyses were performed in the iDC module (29) of Igor Pro
6.0 software (http:/www.wavemetrics.com).
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Matrix proteins play multiple roles both in early and late stages of the viral replication cycle. Their
N-terminal myristoylation is important for interaction with the host cell membrane during virus bud-
ding. We used Escherichia coli, carrying N-myristoyltransferase gene, for the expression of the myristoy-
lated His-tagged matrix protein of Mason-Pfizer monkey virus. An efficient, single-step purification
procedure eliminating all contaminating proteins including, importantly, the non-myristoylated matrix
protein was designed. The comparison of NMR spectra of matrix protein with its myristoylated form
revealed substantial structural changes induced by this fatty acid modification.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Mason-Pfizer monkey virus (M-PMV)! belongs to the family of
betaretroviruses which form immature virus-like particles (VLP)
within the cytoplasm of infected cells. VLPs are then transported
to the plasma membrane for budding. In contrast, the immature par-
ticles of lentiviruses (e.g. HIV-1) are assembled directly on the inner
leaflet of the cell membrane instantly before budding [1]. Temporal
and spatial separation of assembly and budding in M-PMV enables to
study these processes independently.

Matrix protein (MA) is the N-terminal domain of the structural
polyprotein precursor Gag of all retroviruses. During the late phase
of virus life cycle it is involved in the transport of Gag protein to
the site of assembly of VLPs and afterwards in the association of
VLP with the plasma membrane (PM) prior to budding [2]. In beta-
retroviruses the MA domain controls also the transport of VLPs
from the pericentriolar region to the plasma membrane [3].

Most retroviral MAs are N-terminally myristoylated. The
attachment of Cy4 fatty acid to the N-terminal glycine is a common

* Corresponding author.

E-mail address: hrabalr@vscht.cz (R. Hrabal).

! Abbreviations used: HSQC, heteronuclear single quantum coherence; IPTG,
isopropyl B-p-1-thiogalactopyranoside; LB, Luria-Bertani medium; MA, matrix pro-
tein; myrMA, myristoylated matrix protein; MAPPHis, matrix protein with 18
N-terminal amino acid residues from M-PMV phosphoprotein and 6 histidines
attached to its C-terminus; M-PMV, Mason-Pfizer monkey virus; Ni-NTA, nickel-
nitrilotriacetic acid; NMT, N-myristoyltransferase; PE, pellet; PM, plasma membrane;
SU, supernatant; VLP, virus-like particle.

1046-5928/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
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posttranslational modification of eukaryotic proteins and it is one
of three already described N-terminal fatty acylation motifs which
confer binding to the membrane [4]. In contrast to numerous struc-
tures of non-myristoylated retroviral MAs, only two of myristoylat-
ed retroviral MAs have been published up to date [5,6].
Significant role of the myristoylation has been proved in the
transport of Gag to the assembly site. Myristate and surface patch
of basic residues of the MA molecule are essential for the associa-
tion of Gag with PM [7-9]. On one side, the binding of MA to the
plasma membrane must be tight, but on the other side it has to
be reversible to allow a release of the MA protein from the
membrane upon infection [10]. To fulfill such requirement, the
MA protein exists in two states, i.e. myr-exposed [myr(e)] and
myr-sequestered [myr(s)] as it was demonstrated by Tang et al.
[5]. Such change of the state is called “myristoyl switch”, which
has been described also for other N-terminally myristoylated pro-
teins like recoverin or ADB ribosylation factor [11,12]. While in
cytoplasm, the myristic moiety is buried inside a hydrophobic cav-
ity of MA in the myr(s) state and it becomes exposed when Gag
(soluble or assembled in VLP) approaches the plasma membrane
to mediate the protein-membrane interaction. Saad et al. reported
that phosphatidylinositol-4,5-bisphosphate triggers the myristoyl
switch in HIV MA [13]. Furthermore, Tang et al. also discovered
that the MA domain forms trimers through the interaction of the
exposed myristates [5]. Trimers are readily formed due to an in-
creased concentration of Gag proteins in lipid raft domains which
are part of the PM [10,14]. Therefore, it is the formation of trimers
that triggers the myristoyl switch. When the concentration of MA
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drops upon infection of a new cell the trimers disintegrate, the
myristate is buried and MA is released from the membrane.

Recently, we have reported that in contrast to the HIV-1 MA, the
non-myristoylated M-PMV MA protein readily forms trimers upon
increasing its concentration in solution [15]. The increased oligo-
merization capacity of M-PMV MA is probably related to the neces-
sity to stabilize Gag within the capsid shell [15].

Here we report the production and isolation of N-terminally
myristoylated matrix protein of M-PMV for structural and func-
tional study by nuclear magnetic resonance spectroscopy (NMR)
and mass spectrometry (MS). NMR spectroscopy requires highly
concentrated protein sample uniformly labeled with 3C and >N
isotopes. Labeled proteins are usually produced in bacterial cells,
because they can grow on relatively cheap minimal media and pro-
duce high yields of proteins.

Materials and methods
Microorganism strains and media

Escherichia coli strain DH50 was used as a host for vector ampli-
fication while E. coli strain BL21 (DE3) was used for the production
of the recombinant proteins. Cells were grown in Luria-Bertani
medium (LB, 1% Tryptone, 1% NaCl, 0.5% yeast extract (w/w)) con-
taining ampicillin (100 mg/l) and when using two-plasmid system
also kanamycin (50 mg/l). For the production of isotopically la-
beled proteins the cells were grown in the M9 minimal medium
[16] containing the same amount of the antibiotics.

Construction of production vectors

The sequence encoding the matrix protein and downstream 18
amino acids of phosphoprotein (PP) was introduced to the pET22b
vector (Novagen) using the Ndel and Xhol restriction sites. PCR
product was generated using primers MA_Nde_fwd (GTCACTCA
TATGGGGCAAGAATTAAGCCAG) and MA_Xho_bwd (AGTGACCTC
GAGGTCTGTTTGAGAATTAC) and proviral vector pSARM4 [17] as
a template. The product was cleaved by the appropriate restriction
enzymes (New England Biolabs) and then ligated to the pET22b
vector cleaved by the same enzymes to join the sequence encoding
the His-tag (Fig. 1A). The resulting vector pEMAPPHis was verified
by restriction cleavage and by sequencing.

The vector pETyNMT for the production of yeast N-myristoyl-
transferase was constructed by inserting the gene encoding the
enzyme to the pET29b vector (Novagen) using the Ndel and Xhol
restriction sites (Fig. 1B). The stop codon was introduced to the
end of the gene.

The expression vector carrying both genes was constructed by
inserting the gene encoding the matrix protein and 18 amino acids
from phosphoprotein together with the His-tag (MAPPHis) in a plas-
mid containing a gene encoding the yeast N-myristoyltransferase.

A His ‘ B

pEMAPPHis

PT7 |
Amp' \

pEtyNMT

PCR product, containing a gene for MAPPHis was generated
using primers MAYNMT_Ncol_fwd (AACGTACCATGGGGCAAGAA
TTAAGCCAGC) and MAPPHISyNMT_Pstl_bwd (TCTTAGCTGCAGT
TAGTGGTGGTGGTGGTGGTGC) and above described plasmid
PEMAPPHis as a template. The acceptor vector was a kind gift of Prof.
Michael Summers (Howard Hughes Medical Institute). This vector,
based on the pET19b and pET11b vectors already harbors the gene
encoding the yeast N-myristoyltransferase. The resulting PCR prod-
uct was cleaved by restriction enzyme Ncol, the acceptor vector was
cleaved by Ncol and Xhol enzymes (all from New England Biolabs).
The Xhol site was then removed by the action of Mung Bean Nucle-
ase (New England Biolabs). Semiblunt ligation was performed and
the resulting vector pEMAPPHisyNMT was verified by sequencing
(Fig. 1C).

In order to introduce both plasmids pEMAPPHis and pETyNMT,
competent E. coli cells transformed by the pETyNMT vector were
prepared by a standard protocol [16]. The plasmid pEMAPPHis
was then introduced in bacteria and the positive transformants
were selected on the LB agar containing ampicillin and kanamycin.

Production of recombinant myrMAPPHis

Transformed E. coli BL21(DE3) cells, containing the expression
vector, were grown to ODsgq 0.5, then sodium myristate dissolved
in water was added to the final concentration of 0.06 mM. Protein
expression was induced 30 min later by adding isopropyl-B-p-thio-
galactopyranoside (IPTG) to the concentration of 0.4 mM and the
cells were then cultivated for 4 h at 37 °C. The cells were pelleted
by centrifugation at 12,000x RCF for 10 min. Supernatants were
discarded and pellets were resuspended in 30 ml of lysis buffer
(50 mM phosphate, 300 mM NacCl, 10 mM imidazole, pH 8) and fro-
zen at —20°C.

Disruption of cells containing the recombinant protein

The cell suspension was thawed and combined with complete
inhibitor mix (Roche) and 30 mg of lysozyme. The mixture was
shaken and incubated at room temperature for 30 min, followed
by sonication with 50 W for 1.5 min. To remove proteins bound
on the cell membrane 0.1% (w/w) sodium deoxycholate was added
and the lysate was incubated for 30 min at 4 °C. To decrease the
viscosity of the cell lysate it was incubated for 30 min at 37 °C with
DNase and RNase (10 pg/ml). Insoluble parts of the cells were pel-
leted by centrifugation at 30,000x RCF for 15 min. Pellets were
resuspended in 30 ml lysis buffer (PE) and supernatant containing
soluble myrMAPPHis (SU) was used for protein purification.

Purification of myrMAPPHis by metal-affinity chromatography
Following the centrifugation, 4 ml of Ni-NTA agarose (Qiagen)

were added to SU and the mixture was incubated for 1 h at 4 °C.
The agarose was washed with 20 ml of lysis buffer and 20 ml of

C PT7 His
« T?term.i_‘\' °P
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pEMAPPHisyNMT
Tterm f
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Fig. 1. Schematic representation of vectors for expression of MAPPHis and NMT. (A) The plasmid based on the pET22b vector coding gene for MAPPHis used in the two-
plasmid expression system. (B) The plasmid based on the pET29b vector coding gene for NMT used in the two-plasmid expression system. (C) The plasmid carrying both
MAPPHis and NMT genes constructed on the basis of the pET19b and pET11b vectors used in the single-plasmid system.
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protease buffer (100 mM phosphate, 900 mM NaCl, pH 6.25). Fol-
lowing the washing step, the agarose was resuspended in 4 ml of
protease buffer containing 0.2 mg of recombinant M-PMV protease
(Pr13) prepared in our laboratory as described by Zabransky et al.
[18]. MyrMAPPHis was cleaved for 1 h at room temperature with
shaking. The cleaved protein was separated and the intact
myrMAPPHis was then eluted using imidazole buffer (1 h, 50 mM
phosphate, 200 mM imidazole, pH 7, 4 °C). Samples from purifica-
tion and cell disruption were analyzed by Tris-Tricine SDS-PAGE
stained by Coomassie blue.

Preparation of protein sample for MALDI-TOF measurements

Purified myrMAPPHis was exchanged to MS buffer (100 mM
phosphate, 100 mM NaCl, 5 mM dithiothreitol, pH 6) using PD-10
desalting column (GE Healthcare). For peptide mapping experi-
ments the protein sample was additionally purified using gel per-
meation chromatography on HiLoad 26/60 Superdex 75PG column
(Amersham) with isocratic elution (100 mM phosphate, 100 mM
NaCl, 0.01 % mercaptoethanol (v/v), pH 6). The flow rate was
2.3 ml/min. and 4 ml fractions were collected. Chromatography
was monitored by UV spectroscopy at 280 nm and the largest peak
at 213 ml was collected.

Peptide mapping method

MyrMAPPHis was digested by trypsin and chymotrypsin in MS
buffer at 37 °C for two hours. Enzyme to substrate ratio used for
both enzymes was 1:20 (w/w). Protein cleavage was stopped by
adding TFA to the final concentration of 0.5% (v/v). Solution of pep-
tides was purified and concentrated by ZipTip C18 pipette tips
(Millipore).

Mass spectrometry

Peptide and intact protein spectra were obtained using Biflex IV
MALDI-TOF mass spectrometer (Bruker Daltonics, Germany),
equipped with a UV nitrogen laser (337 nm) and a dual
microchannel microplate detector. The spectra of intact proteins
were acquired in positive linear mode within a mass range of
2000-20,000 Da. The samples were prepared by mixing 1 pl of pro-
tein solution with 4 pl of freshly prepared matrix solution (10 mg/
ml of 3,5-dimethoxy-4-hydroxycinnamic acid in 1:2 acetoni-
trile:0,1% TFA). Bruker protein calibration standard I (Bruker) was
used for the calibration. The spectra of peptides were acquired in
the positive reflector mode within a mass range of 500-4000 Da.
Samples of peptides were prepared by mixing 1 pl of peptide solu-
tion and 1 pl of freshly prepared matrix solution (20 mg/ml of 2,5-
dihydroxybenzoic acid in 1:2 acetonitrile:0,1% TFA). Bruker pep-
tide calibration standard I (Bruker) was used for the calibration.
In both cases a total of 1 pl of mixture was placed on a stainless
steel probe plate and allowed to dry at room temperature. To re-
duce spot to spot signal variation at least 300 of individual spectra
were collected and averaged. Spectra were analyzed using mMass
software [19].

Preparation of protein sample for NMR measurements

Purified myrMAPPHis was exchanged to NMR buffer (100 mM
phosphate, 300 mM NaCl, 5 mM dithiothreitol, 5% D,0, pH 6) using
PD-10 desalting column. The protein sample was then concen-
trated using Amicon Ultra—15 Ultracel 5 k (Millipore) to the final
concentration of 0.5 mM. The concentration of the protein was
determined by UV-spectroscopy at 280 nm using extinction coeffi-
cient 23590 M~ 'cm™! determined by ProtParam [20].

NMR measurements

All NMR spectra were measured at 25 °C on a Bruker Avance III
600 spectrometer equipped with a triple-resonance cryoprobe
(Bruker BioSpin GmbH). The 'H-'°N HSQC were acquired with a
spectral width of 7003 Hz and 2048 complex points in the 'H
dimension and with 1521 Hz and 180 complex points in the °N
dimension. The 'H-'3C HSQC were acquired with a spectral width
of 9615 Hz and 2048 complex points in 'H dimension and width
13,582 Hz and 256 complex point in '3C dimension and all spectra
were processed using TopSpin software (Bruker BioSpin GmbH,
version 2.1) and NMRPipe [21] and analyzed using Sparky software
[22].

Results and discussion

Protein expression and purification

Both single- and two-plasmid vectors showed a strong expres-
sion of the recombinant protein as demonstrated in Fig. 2 (lanes
4 and 5). However, the overall yield of the myristoylated protein
was about 65% of the production of the non-myristoylated MA in
both cases. Following the cell disruption and centrifugation most
of the MA protein was soluble and could be found in supernatant
(Fig. 2, lanes 6 and 7). Only a small amount of myrMAPPHis re-
mained in the pellet (Fig. 2, lanes 8 and 9).The purification process
of myrMAPPHis is illustrated on Fig. 3 (single-plasmid system) and
4 (two-plasmid system). Initially we sought to prepare the myrMA
without the His-tag and the N-terminal part of phosphoprotein by
cleaving the myrMAPPHis product by recombinant M-PMV prote-
ase (Pr13) using similar protocol as for the non-myristoylated pro-
tein [23]. However, Pr13 cleaved muyristoylated MAPPHis very
poorly when compared to the non-myristoylated protein. This phe-
nomenon was utilized in a new purification procedure when the
non-myristoylated MA was proteolytically released from the
immobilized PPHis, while the myristoylated MAPPHis remained at-
tached to the Ni-NTA resin from where it was subsequently eluted
by imidazole. To illustrate the efficiency of the process, the
myrMAPPHis bound on the Ni-NTA resin was split into two ali-
quots that were loaded on the column and washed. The first one
was then directly eluted with imidazole and analyzed (Figs. 3
and 4, lane 3). The second aliquot was incubated with Pr13 for
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Fig. 2. Coomassie stained SDS-PAGE gel illustrating the production of myrMAPPHis
and cell lysis. Odd lanes show proteins produced from the two-plasmid system,
even lanes show proteins produced in the single-plasmid system. Lanes: (1) broad
range SDS-PAGE standard (Bio-Rad), (2, 3) cells before induction, (4, 5) cells 4 h
after induction, (6, 7) supernatant after cell lysis, (8, 9) pellet after cell lysis.
MAPPHis is the large band with Mw 14.5 kDa, lanes 6-9 also contain lysozyme,
which has similar mobility as MAPPHis. NMT has molecular weight of 55 kDa, but it
can not be distinguished from other bacterial proteins.
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Fig. 3. Coomassie stained SDS-PAGE gel illustrating purification of myrMAPPHis
produced using the single-plasmid system. Lanes 3-5 show purification of the first
aliquot directly eluted by imidazole buffer and lanes 6-9 show purification of the
second aliquot which was cleaved on Ni-NTA and then eluted by imidazole. Lanes:
(1) broad range SDS-PAGE standard (Bio-Rad), (2) flow-through after binding
(14 kDa band is lysozyme), (3) protein eluted from column using imidazole buffer,
(4) sample of Ni-NTA agarose after elution, (5) eluate (the same as in lane 3)
cleaved by Pr13 for 1 h, (6) protein cleaved from Ni-NTA by Pr13, (7) protein eluted
from column using imidazole buffer after cleavage, (8) sample of Ni-NTA agarose
after elution, (9) eluate (the same as in lane 7) cleaved by Pr13 for 1 h.
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Fig. 4. Coomassie stained SDS-PAGE gel illustrating Ni-NTA purification of
myrMAPPHis produced using the two-plasmid system. Lanes 3-5: purification
of the first aliquot directly eluted by imidazole buffer and lanes 6-9: purification of
the second aliquot, which was cleaved on Ni-NTA and then eluted by imidazole.
Lanes: (1) broad range SDS-PAGE standard (Bio-Rad), (2) flow-through after
binding (14 kDa band is lysozyme), (3) proteins eluted by imidazole buffer, (4)
sample of Ni-NTA agarose after elution, (5) eluate (the same as in lane 3) cleaved by
Pr13 for 1h, (6) protein cleaved from Ni-NTA by Pr13, (7) protein eluted from
column using imidazole buffer after cleaving, (8) sample of Ni-NTA agarose after
elution, (9) eluate (the same as in lane 7) cleaved by Pr13 for 1 h.

one hour at room temperature. The cleaved non-myristoylated MA
was collected (Figs. 3 and 4, lane 6) and the intact myrMAPPHis
bound on the Ni-NTA was eluted by imidazole (Figs. 3 and 4, lane
7). To test whether the binding of myrMAPPHis to the Ni-NTA did
not prevent the proteolytic cleavage, a small sample of the myr-
MAPPHis eluted from the column was exchanged to the protease
buffer and incubated with Pr13 for one hour. From the comparison
of lanes 5 and 9 on Figs. 3 and 4, respectively, it is obvious that the
proteolysis efficiency is comparable and therefore, it is not
the binding of myrMAPPHis on the Ni-NTA column that prevents
the cleavage.

The single-plasmid system yielded insufficiently myristoylated
protein (less than 25%) (Fig. 5). The content of the myristoylated
MA in the sample was partially increased by removing the non-
myristoylated MAPPHis by its cleavage on the Ni-NTA column.
However, the complete cleavage of the non-myristoylated MAP-
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Fig. 5. MALDI-TOF MS spectrum of purified myrMAPPHis obtained from the single-
plasmid system (same sample as in Fig. 3 lane 7). The m/z ratio of larger peak
corresponds to Mw of non-myristoylated MAPPHis.

PHis would require a higher amount of Pr13 and the yield of myr-
MAPPHis would still remain lower than 33%. Therefore, we focused
our attention to the two-plasmid system. The degree of myristoyla-
tion increased to over 90% (Fig. 6) and after removing the non-myr-
istoylated MAPPHis (some myrMAPPHis was eluted during the
cleavage) we obtained a product containing over 95% of the re-
quired myristoylated protein (Fig. 7). The yield of the product
(especially of the isotopically labeled MA) was increased by elution
of residual traces of myrMAPPHis from the Ni-NTA resin during re-
peated washing with imidazole (at least twice).

Preparation of myrMAPPHis for NMR and MALDI-TOF measurements

NMR spectroscopy requires a higher concentration of protein
samples compared to other spectroscopic methods. We found that
higher ionic strength (300 mM NaCl) increased the solubility of the
myrMAPPHis. This allowed concentrating the myrMAPPHis sample
to the final concentration of 0.5 mM. After several days, a minor
precipitation appeared but most of the protein remained in solu-
tion (the final concentration was approximately 0.4 mM) and the
sample was stable for several months (verified by repeated
TH-15N HSQC experiments).

Although MALDI-TOF analysis does not require such a high con-
centration of protein as NMR spectroscopy, the protein was dis-
solved in a buffer containing 100 mM NaCl to increase its
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Fig. 6. MALDI-TOF MS spectrum of myrMAPPHis obtained from the two-plasmid
system without cleavage by Pr13 on Ni-NTA (same sample as in Fig. 4 lane 3). Mw
The m/z ratio of larger peak corresponds to Mw of myristoylated MAPPHis. Peak
with m/z ratio of 15116 is an adduct of myrMAPPHis and MS matrix.
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Fig. 7. MALDI-TOF MS spectrum of purified myrMAPPHis obtained from the two-
plasmid system (the same sample as in Fig. 4 lane 7). The m/z ratio of larger peak
corresponds to Mw of myristoylated MAPPHis. Peak with m/z ratio of 15109 is again
an adduct of myrMAPPHis and MS matrix.

stability in solution. However, such a high concentration of salt
would deteriorate the quality of MS spectra. The sample was there-
fore, mixed with the mass spectrometry matrix in ratio 1:4 imme-
diately before the measurement to lower its ionic strength. ZipTip
C18 pipette tips were not used as they would remove a significant
portion of the myristoylated MAPPHis.

MALDI-TOF measurement

The major signal of m/z = 14,900 which represents the myrMAP-
PHis was present in the mass spectrum. We also detected a signal
of the non-myristoylated MAPPHis (m/z = 14,686), but its intensity
was quite low when compared to the myrMAPPHis (Fig. 6). This
signal disappeared completely after the final purification step.
Mixtures of the myrMAPPHis with the non-myristoylated MAPPHis
ranging from ratio 10:1 to 1:10 (w/w) were prepared to quantify
the content of the myristoylated protein in the sample. The inten-
sity ratios of measured signals corresponded well to myr-/non-myr
MAPPHis ratios which allowed determination of the amount of the
myristoylated MAPPHis. In isotopically labeled ('3C/!>N) samples
this ratio was easily determined by NMR spectroscopy (vide infra).
All samples used for MS or NMR studies contained less than 5% of
the non-myristoylated MAPPHis. Peptide mapping method con-
firmed the identity of N-terminal peptides with the bound myristic
acid. In the case of trypsin digestion 98% sequence coverage was
achieved and by using chymotrypsin the sequence coverage was
92%. The results confirmed the quality of the myrMAPPHis.

NMR experiments

13C-filtered 'H spectra and 2D 'H-'3C HSQC were acquired to
verify the content of the myrMAPPHis in the sample. Due to the
binding of the myristic acid in the hydrophobic cavity it was pos-
sible to discriminate the signals of methyl groups of Val 38 and
59 and Ile 86 and 90 from the myristoylated and non-myristoylat-
ed proteins (Fig. 8, 1D spectra not shown). The ratio of their signal
volumes corresponded directly to the ratio of their contents in the
sample.

The 'H-'>N HSQC spectra of the non-myristoylated MA and
MAPPHis were measured and compared to prove that the PPHis tail
does not affect the structure of the MA domain (Fig. 9). Both spec-
tra differed substantially only in chemical shifts of the cross peaks
of the last five amino acid residues, which form the originally
unstructured C-terminus of the MA domain, when omitting the
signals of the PPHis part. The changes may be caused by a partial
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Fig. 8. Overlay of region of 'H-'3C HSQC spectra, measured on myrMAPPHis (red)
and MAPPHis (blue), showing signals of gamma methyl groups of isoleucines 86
and 90 and valines 38 and 59, respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Overlay of "H-">N HSQC spectra measured on MAPPHis (red) and MA (blue).
Signals with different chemical shifts are located at the C-terminus of MA.

immobilization of this amino acid stretch working as a linker be-
tween the MA and PPHis domains in the MAPPHis molecule. The
remaining signals of the MA protein core corresponded well for
both MA and MAPPHis, which means that the PPHis tail does not
have any significant impact on the structure of MA.

On the other hand, comparison of '"H-'>N HSQC and 'H-'3C
HSQC spectra of the myristoylated and non-myristoylated MAP-
PHis showed large changes of chemical shifts of the corresponding
signals (Fig. 8). Although we do not expect significant changes in
the global MA structure caused by the presence of the myristic acid
inside the protein core, a slightly different mutual arrangement of
all four a-helices might be found. Similar phenomenon occurred
when the myristoylated and non-myristoylated HIV-1 Nef protein
were compared [24]. Therefore, to determine structural changes
triggered by the buried myristic acid, the structure of the whole
myrMAPPHis will be determined ab initio.
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Conclusion

We have demonstrated that a large quantity of pure myristoy-
lated M-PMV myrMA can be prepared as a fusion protein myrMAP-
PHis produced together with the yeast N-myristoyltransferase
using the two-plasmid system. Due to a weak processing of the
myristoylated fusion protein myrMAPPHis by 13 kDa form of M-
PMV protease, it was advantageous to leave it intact, i.e. in the
form of the matrix protein which is C-terminally flanked with a
stretch of the first 18 amino acid residues from the phosphoprotein
followed by His-tag purification anchor. We have proved that the
C-terminal extension (PPHis) does not affect the tertiary structure
of the MA domain. The contamination with the non-myristoylated
M-PMV MA was less than 5% as evidenced from MS and/or NMR
spectra. The protein is suitable for structural studies by a combina-
tion of isotopically aided NMR spectroscopy and computational
methods. For the MS studies the protein was additionally purified
using gel filtration chromatography. We also evaluated the produc-
tion of the myristoylated M-PMV MA in the single-plasmid system,
which had been successfully used for the production of the myri-
stoylated HIV-1 MA. However, the degree of myristoylation was
very low. A plausible explanation for the higher myristoylation
efficiency of the two-plasmid system might be a higher amount
of the produced NMT. However, the direct comparison of the
amount of NMT expressed by both systems is prevented due to
the presence of much higher amounts of numerous cellular pro-
teins of comparable size (55 kDa). The availability of large quanti-
ties of the myristoylated M-PMV MA of sufficient purity will allow
further characterization of its structural and functional features.
Preliminary data indicate that the myristoylation caused large
changes of chemical shifts of signals of backbone NH groups of
the MA domain. The changes are much larger when compared with
HIV-1 myrMA and spread over the whole molecule. Therefore, we
hypothesize that either the muyristate is buried deeper in the
hydrophobic pocket than in HIV-1 MA or the myristoylation caused
larger structural changes in the mutual positions of the helices.

Acknowledgments

We thank Prof. Michael Summers for the plasmid carrying the
NMT gene. This research was supported financially by the Czech
Science Foundation grant 203/07/0872, projects 1M6837805002,
ME 904 and MSM 6046137305 from the Czech Ministry of Educa-
tion, National Institutes of Health grant CA 27834 and by EU funds,
project Operational Program Prague-Competitiveness (OP PC)
CZ.2.16/3.100/22197.

References

[1] S.S. Rhee, E. Hunter, Structural role of the matrix protein of type D retroviruses
in gag polyprotein stability and capsid assembly, J. Virol. 64 (1990) 4383-4389.

[2] E.O. Freed, J.M. Orenstein, A.J. Buckler-White, M.A. Martin, Single amino acid
changes in the human immunodeficiency virus type 1 matrix protein block
virus particle production, J. Virol. 68 (1994) 5311-5320.

[3] E. Hunter, Macromolecular interactions in the assembly of HIV and other
retroviruses, Seminars in Virology 5 (1994) 71-83.

[4] M.D. Resh, Fatty acylation of proteins: new insights into membrane targeting
of myristoylated and palmitoylated proteins, Biochim. Biophys. Acta 1451
(1999) 1-16.

[5] C. Tang, E. Loeliger, P. Luncsford, I. Kinde, D. Beckett, M.F. Summers, Entropic
switch regulates myristate exposure in the HIV-1 matrix protein, Proc. Natl.
Acad. Sci. U. S. A. 101 (2004) 517-522.

[6] J.S. Saad, S.D. Ablan, R.H. Ghanam, A. Kim, K. Andrews, K. Nagashima, F.
Soheilian, E.O. Freed, M.F. Summers, Structure of the myristylated human
immunodeficiency virus type 2 matrix protein and the role of
phosphatidylinositol-(4, 5)-bisphosphate in membrane targeting, J. Mol. Biol.
382 (2008) 434-447.

[7] H.G. Krausslich, R. Welker, Intracellular transport of retroviral capsid
components, Curr. Top. Microbiol. Immunol. 214 (1996) 25-63.

[8] Y. Soneoka, S.M. Kingsman, AJ. Kingsman, Mutagenesis analysis of the murine
leukemia virus matrix protein: identification of regions important for
membrane localization and intracellular transport, J. Virol. 71 (1997) 5549-
5559.

[9] M.L. Manrique, S.A. Gonzalez, ].L. Affranchino, Functional relationship between
the matrix proteins of feline and simian immunodeficiency viruses, Virology
329 (2004) 157-167.

[10] M.D. Resh, A myristoyl switch regulates membrane binding of HIV-1 Gag, Proc.
Natl. Acad. Sci. U. S. A. 101 (2004) 417-418.

[11] J.B. Ames, R. Ishima, T. Tanaka, J.I. Gordon, L. Stryer, M. Ikura, Molecular
mechanics of calcium-myristoyl switches, Nature 389 (1997) 198-202.

[12] J. Goldberg, Structural basis for activation of ARF GTPase: mechanisms of
guanine nucleotide exchange and GTP-myristoyl switching, Cell 95 (1998)
237-248.

[13] ].S. Saad, J. Miller, J. Tai, A. Kim, R.H. Ghanam, M.F. Summers, Structural basis
for targeting HIV-1 Gag proteins to the plasma membrane for virus assembly,
Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 11364-11369.

[14] P. Spearman, R. Horton, L. Ratner, . Kuli-Zade, Membrane binding of human
immunodeficiency virus type 1 matrix protein in vivo supports a
conformational myristyl switch mechanism, J. Virol. 71 (1997) 6582-6592.

[15] J. Vlach, P. Srb, ]. Prchal, M. Grocky, ]. Lang, T. Ruml, R. Hrabal,
Nonmyristoylated matrix protein from the Mason-Pfizer monkey virus forms
oligomers, J. Mol. Biol. 390 (2009) 967-980.

[16] J. Sambrook, R. Russell, Molecular Cloning A Laboratory Manual (2001) pp.
1.112-1.115.

[17] C. Song, S.R. Dubay, E. Hunter, A tyrosine motif in the cytoplasmic domain of
mason-pfizer monkey virus is essential for the incorporation of glycoprotein
into virions, J. Virol. 77 (2003) 5192-5200.

[18] A. Zabransky, M. Andreansky, O. Hruskova-Heidingsfeldova, V. Havlicek, E.
Hunter, T. Ruml, 1. Pichova, Three active forms of aspartic proteinase from
Mason-Pfizer monkey virus, Virology 245 (1998) 250-256.

[19] M. Strohalm, D. Kavan, P. Novak, M. Volny, V. Havlicek, MMass 3: a cross-
platform software environment for precise analysis of mass spectrometric
data, Anal. Chem. 82 (2010) 4648-4651.

[20] E. Gasteiger, C. Hoogland, A. Gattiker, S. Duvaud, M.R. Wilkins, R.D. Appel, A.
Bairoch, Protein Identification and Analysis Tools on the EXPASy Server, 2005,
pp. 571-607.

[21] F. Delaglio, S. Grzesiek, G.W. Vuister, G. Zhu, NMRPipe: a multidimensional
spectra processing system based on UNIX pipes, J. Biomol. NMR 6 (1995) 277~
293.

[22] T.D. Goddard, D.G. Kneller, Sparky 3, University of California, San Francisco,
2006.

[23] J. Vlach, J. Lipov, V. Veverka, M. Rumlova, T. Ruml, R. Hrabal, Letter to the
editor: Assignment of H-1, C-13, and N-15 resonances of WT matrix protein
and its R55F mutant from Mason-Pfizer monkey virus, J. Biomol. NMR 31
(2005) 381-382.

[24] M. Geyer, C.E. Munte, ]. Schorr, R. Kellner, H.R. Kalbitzer, Structure of the
anchor-domain of myristoylated and non-myristoylated HIV-1 Nef protein, J.
Mol. Biol. 289 (1999) 123-138.



Piiloha 4



@PLOS ‘ ONE

OPEN 8 ACCESS Freely available online

A Mason-Pfizer Monkey Virus Gag-GFP Fusion Vector
Allows Visualization of Capsid Transport in Live Cells and
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Abstract

Immature capsids of the Betaretrovirus, Mason-Pfizer Monkey virus (M-PMV), are assembled in the pericentriolar
region of the cell, and are then transported to the plasma membrane for budding. Although several studies, utilizing
mutagenesis, biochemistry, and immunofluorescence, have defined the role of some viral and host cells factors
involved in these processes, they have the disadvantage of population analysis, rather than analyzing individual
capsid movement in real time. In this study, we created an M-PMV vector in which the enhanced green fluorescent
protein, eGFP, was fused to the carboxyl-terminus of the M-PMV Gag polyprotein, to create a Gag-GFP fusion that
could be visualized in live cells. In order to express this fusion protein in the context of an M-PMV proviral backbone,
it was necessary to codon-optimize gag, optimize the Kozak sequence preceding the initiating methionine, and
mutate an internal methionine codon to one for alanine (M100A) to prevent internal initiation of translation. Co-
expression of this pPSARM-Gag-GFP-M100A vector with a WT M-PMV provirus resulted in efficient assembly and
release of capsids. Results from fixed-cell immunofluorescence and pulse-chase analyses of wild type and mutant
Gag-GFP constructs demonstrated comparable intracellular localization and release of capsids to untagged
counterparts. Real-time, live-cell visualization and analysis of the GFP-tagged capsids provided strong evidence for a
role for microtubules in the intracellular transport of M-PMV capsids. Thus, this M-PMV Gag-GFP vector is a useful
tool for identifying novel virus-cell interactions involved in intracellular M-PMV capsid transport in a dynamic, real-time
system.
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Introduction

In studying the role of viral and host cell factors involved in
retroviral assembly, trafficking, and budding, the mechanism by
which capsids are transported through the cytoplasm is still an
poorly understood process. It has been shown previously that
for Mason-Pfizer Monkey Virus (M-PMV), capsids are
assembled intracellularly at the pericentriolar region by way of
a cytoplasmic targeting-retention signal (CTRS), and are
subsequently trafficked to the plasma membrane for budding
[1,2]. This process is unique when compared to a virus such as

PLOS ONE | www.plosone.org

HIV, which exhibits C-type retrovirus morphogenesis, in that
assembly and budding are spatially and temporally separated.
This separation thus allows for studying these processes
individually in order to elucidate the role of viral and cellular
factors necessary for assembly and intracellular transport.

Like most simple retroviruses, M-PMV encodes a Gag
polyprotein, Pr78, that assembles to form the immature capsid
and expression of this gene alone results in the assembly and
release of immature virus particles [3]. Pr78 is modified by an
N-terminal myristic acid residue that is mostly buried within the
folded protein [4]. Following interaction of Gag with the plasma
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membrane the exposure of this myristic acid moiety appears to
be critical for envelopment and budding of the virus [5]. These
previous studies with M-PMV have employed the use of
genetic, biochemical and fixed-cell immunofluorescent
methodologies for elucidating the role of viral and cellular
components in viral assembly, transport, and budding [2,6-9].
Prior data has shown that blocking vesicular trafficking by
shifting the temperature of the cell to 20°C causes a significant
delay in M-PMV Gag release kinetics and maturation,
indicating a role for the cellular vesicular transport system in
capsid transport [10,11]. It has also been shown that Env
glycoprotein expression is necessary for efficient capsid
release and maturation [7,10,12]. Several capsid mutations
have provided key insights into the processes involved in M-
PMV assembly and transport. Specifically, a single amino acid
change from arginine to tryptophan (R55W) in the CTRS
causes a switch from B/D type capsid assembly to C-type
assembly [3] by preventing nascent Gag molecules from
interacting with the dynein light chain Tc-tex and their
subsequent transport on microtubules to the pericentriolar
region of the cell. Another mutation in the matrix (MA) protein
of Gag, R22A, displays a transport defect in which assembled
immature capsids are unable to reach the plasma membrane
resulting in their aggregation under the cortical actin layer. This
dominant negative mutation, which appears to block transit
through the actin layer, causes a complete block in viral
release from the cell [5]. Further, a double mutation, K16A/
K20A, in a basic region of MA, results in the budding of
immature capsids into intracellular vesicles, suggesting that
these residues play an important role in regulating myristic acid
exposure . These data and mutants, while providing insights
into the dynamics of Gag assembly, intracellular trafficking, and
interactions with cellular membranes, have not allowed studies
of individual capsid movement within the cell.

Recent advances in molecular virology have allowed for the
use of fluorescently tagged proteins for studying intracellular
viral processes. In these studies, a fluorescent protein, usually
enhanced green fluorescent protein (eGFP), is fused to the
viral protein of interest followed by utilization of real-time live
cell imaging techniques for visualizing its behavior. In fusing
GFP to the protein of interest, however, several controls are
required in order to make sure that the fusion does not disrupt
the normal biological processes of the protein. For HIV, Muller
et al., were able to successfully tag HIV Gag by inserting GFP
near the C-terminus of the matrix (MA) domain of Gag, which
had previously been shown to accept short epitope tags
without disrupting replication [13]. Successful fusion of GFP to
viral capsid proteins, has been used for the study of virus
intracellular localization, assembly, and trafficking for other
viruses such as herpes simplex virus (HSV) and adeno-
associated virus (AAV) [14,15]. Therefore, construction of a
GFP-tagged protein that functions similarly to the wild-type
counterpart, can be an integral tool in studying viral-host cell
interactions in a dynamic system.

In this study, we set out to create an M-PMV Gag-GFP
fusion construct that could be used to investigate capsid
assembly and the role of the cytoskeleton in intracellular
trafficking in a dynamic system. In order to achieve this, it was
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necessary to codon-optimize the M-PMV gag, strengthen the
Kozak consensus sequence for the initiating methionine of
Gag, mutate an internal initiating methionine codon of gag and
replace the M-PMV pro and pol genes with the gene for eGFP.
Cotransfection of this Gag-GFP vector with a helper provirus
resulted in capsid assembly and release with an efficiency
similar to WT M-PMV. The intracellular localization of eGFP-
tagged WT and mutant constructs was compared to untagged
proteins labeled by immunofluorescent staining in fixed cells
and shown to be equivalent. Fluorescently-labeled, mobile
capsids were visualized in live cells, and both the kinetics and
co-localization of capsids show a key role for microtubules in
their intracellular transport from the pericentriolar region to the
plasma membrane.

Materials and Methods

Cell Lines

Infectious M-PMV-producing CMMT cells, were originally
derived by co-culturing rhesus mammary tumor cells with
rhesus monkey embryo cells [16-18]. COS-1 cells, derived from
the African green monkey kidney cell line, CV-1, by
transformation with an origin-defective mutant of SV40 [19] and
293T cells, derivatives of the 293 cell line containing an
insertion of the temperature sensitive gene for the SV40 T-
antigen [20], were obtained from the American Type Culture
Collection. All cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (Gibco). Cell lines were maintained at 37°C with 5%
CO..

Plasmids

The plasmids used in this study are depicted in Figure 1. The
plasmid pSARM-X is an M-PMV proviral vector that expresses
the M-PMV genome under the control of the viral LTRs (Figure
1A). The plasmid pSARM-GagGFP was constructed by
inserting a codon-optimized gag gene and linked egfp gene
between the Eagl and Xhol sites of pSARM-X, replacing the
gag, pro, and pol genes. Briefly, the codon-optimized gag gene
was amplified with primers containing an Eagl site in the
forward primer and an Agel site in the reverse primer. The
eGFP was amplified from a pEGFP-N1 vector using primers
with an Agel site in the forward primer and a PspXI site and
putative splice acceptor site in the reverse primer. The
amplified gag was digested with Eagl and Agel; the amplified
eGFP was digested with Agel and Xhol (and isoschizomer of
PspXl); and the pSARM-X provirus was digested with Eagl and
Xhol. Fragments were ligated by three-way ligation to create
pSARM-GagGFP (Figure 1B). The vector was confirmed using
both diagnostic digestion with Blpl and sequencing of the
complete insert.

To enhance the Kozak consensus sequence of the Gag-GFP
construct and to prevent internal ribosomal initiation, the
plasmid was mutated using four overlapping ultramers
spanning from the Eagl site to the Sbfl site of codon-optimized
gag. The ultramers contained a strengthened Kozak consensus
sequence at the initiating methionine as well as a methionine to
alanine substitution at the second methionine (M100A) (Figure
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Figure 1. Construction of GagGFP pSARM-X. Genetic organization of construct pSARM-X (A), pPSARM-GagGFP (B), pSARM-
GagGFP-M100A (C). (D) 293T cells (untransfected, Lane 4) were transfected with pSARM-D26N (Lane 1), pPSARM-GagGFP (lane
2) and pSARM-GagGFP-M100A (Lane 3). Viral proteins were metabolically labeled with [**S]-methionine followed by a 4-hour chase
in unlabeled media. Lysates from the pulse and chase (4h lysates) as well as culture medium from the chase (4h sup.) were then
immunoprecipitated with rabbit anti-p27°# antibody and resolved on SDS-PAGE. (E) 293T cells were transfected with pPSARM-D26N
(Lane 1) and pSARM-GagGFP-M100A (Lane 2). Viral proteins were metabolically labeled with [**S]-methionine and lysates were
then immunoprecipitated with goat anti-MPMV antibody and resolved on SDS-PAGE. Positions of the viral precursor proteins Pr180
(Gag-Pro-Pol), Pr95 (Gag-Pro), Pr86 (Envelope) and Pr78 (Gag) are shown. Products of pSARM-GagGFP ([) and pSARM-

GagGFP-M100A (*) are shown.
doi: 10.1371/journal.pone.0083863.g001

1C). All four ultramers were annealed using temperature-
gradient PCR (50-65 °C) with Taq polymerase. The
subsequent 500 bp fragment was digested with Eagl and Sbfl
and inserted back into pSARM-GagGFP to create pSARM-
GagGFP-M100A.

The M-PMV proviruses encoding the R55W, -R22A, -K16A/
K20A mutations have been described previously [3,5]. The
GagGFP-M100A-R55W, -R22A, -K16A/K20A mutants were
derived using the QuikChange Lightning Site-directed
Mutagenesis Kit (Agilent Technologies, La Jolla, CA), using
pSARM-GagGFP-M100A as the template and respective
mutagenic primers (Table 1). Mutants were confirmed by
sequencing.

Metabolic Labeling and Immunoprecipitation

A total of 4 pg of the various pSARM-derived constructs were
transfected into COS-1 or 293T cells using Lipofectamine 2000
(Invitrogen, Carlsbad, CA). At 18-24 hours after transfection,
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cells were starved in DMEM lacking methionine and cysteine
(Gibco) for 15 minutes. Cells were subsequently labeled with
100 pCi %S-methionine (Perkin-Elmer NEN, Boston, MA) per
well for 30 minutes. Following labeling (Pulse), the labeling
media was replaced with complete DMEM (Gibco) and cultured
for the indicated times (Chase). Cell-associated and cell-free
viral proteins were then analyzed. Cell supernatants were
collected from each well and cellular debris was removed by
low-speed centrifugation and virus particles lysed by the
addition of Triton X-100 to 1%. Cells in each well were
subsequently gently lysed with 1% Triton X-100 lysis buffer [1%
Triton X-100, 50mM NaCl, 25mM Tris, pH 8.0]. Cell lysates
were pre-cleared with fixed Staphylococcus aureus (Staph. A.)
overnight at 4°C, then M-PMV  proteins  were
immunoprecipitated using either polyclonal goat-anti-M-PMV or
rabbit-anti-Pr78 anti-sera. Immune complexes were isolated by
addition of fixed Staph. A. and washed with lysis buffer
containing 0.1% SDS (0.1% SDS, 1% Triton X-100, 50mM
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NaCl, 25mM Tris, pH 8.0; lysis buffer B) [21]. The
immunoprecipitated proteins were resolved by electrophoresis
on 12% SDS-polyacrylamide gels (SDS-PAGE) (BioRad).

Quantifying Gag Release

SDS-PAGE gels were fixed in Coomassie Blue solution [0.05
% Coomassie Brilliant Blue, 10% glacial acetic acid, 50%
methanol, 40% H,0], dried and then exposed to phosphor
screens and the radiolabeled protein bands were digitally
acquired using the Packard Cyclone™ system. Optiquant
imaging analysis software (Perkin Elmer, Shelton, CT) was
used to quantify the amount of viral proteins based on the
number of digitized light units (DLU) for each band. To
measure the percentage of M-PMV GagGFP released, the ratio
of GagGFP in the supernatant versus total cell-associated and
released GagGFP was determined. Conversely, to measure
the percentage of cell-associated M-PMV Gag, the ratio of total
cell-associated Gag versus total cell-associated and released
Gag was determined. For the positive control, the total cell-
associated and released Gag (Pr78, Pr95, and Pr180) was
measured.

Electron Microscopy

COS-1 cells were transfected with the indicated plasmids
using Fugene 6 (Promega) transfection reagent. At 24 hours
post-transfection, cells were fixed in a 2.5% glutaraldehyde
fixative (10%- 25% EM grade glutaraldehyde, 50% 0.2M
cacodylate buffer, 40% distilled H,0) for at least two hours at
4°C. The cells were washed and subsequently fixed in 1%
osmium fixative (2 parts 0.2M cacodylate buffer, 1 part 6%
potassium ferrocyanide, 1 part 4% osmium tetroxide). The cells
were then dehydrated with ethanol, followed by infiltration with
a 1:1 ratio of 100% ethanol and Epon resin for at least one
hour. Cells were embedded in fresh Epon resin at 60°C for 48
hours, and then cut into ultrathin sections and picked up on a
copper grid. Virus particles were viewed using a JEOL-JEM
1210 transmission electron microscope.

Virus Purification

293T cells seeded onto a 10 cm culture plate were
transfected with 15 pg of total DNA with Lipofectamine 2000.
For co-transfected cells, a ratio of approximately 4:1 (11.5 ug
and 3.5 ug of pSARM-GagGFP-M100A and pSARM-D26N,
respectively) was used. Proteins in transfected cells were
radiolabeled with %S for 48 hours by incubating cells in 90%
Met-/Cys- DMEM (Gibco) in complete DMEM complemented
with 100 uCi/mL 3°S. Cellular supernatants were filtered
through a 0.45 um filter (Thermo-Scientific, Waltman, MA) then
overlaid on a 20%-50% sucrose (w/w), with 10% steps,
discontinuous gradient. Samples were spun at 35,000 rpm at
4°C for 3 hours in the Beckman-Coulter Optima L-80 XP
Ultracentrifuge using the SW41-Ti swinging bucket rotor. Using
upward displacement, 1 mL fractions were isolated. 200 pl of
Lysis Buffer A and 6 pl of 20% SDS were added to each
fraction, and virions were immunoprecipated with a polyclonal
goat-anti-M-PMV antisera. Immune complexes were isolated
by addition of fixed Staph. A. and washed with lysis buffer B.
Immunoprecipitated proteins were resolved on 12 % SDS-

PLOS ONE | www.plosone.org

Live-Cell Imaging of M-PMV

PAGE gels. The density of each fraction was calculated using
refractive indices.

Western Blot

Supernatants from 10cm culture dishes of 293T cells
transfected with 4ug of pSARM-GagGFP-M100A or 1.6 ug and
3.2 yg pSARM-GagGFP-M100A and pSARM-X, respectively,
were collected 48h post transfection. Virions were isolated by
ultracentrifugation through a 25% sucrose cushion and the
pellet was resuspended in 100 pl protein loading buffer. 25 pl
of each sample was resolved in a 12% SDS-PAGE gel.
Samples were transferred to a nitrocellulose membrane,
blocked with 5% non-fat dry milk, and blotted with a mixture of
two monoclonal mouse-anti-GFP  antibodies  (Roche,
Germany). Immune complexes were subsequently bound by a
horseradish peroxidase (HRP)-conjugated donkey-anti-mouse
IgG antibody (Santa Cruz Biotechnology, Dallas, Texas).
Pierce SuperSignal West Femto Chemiluminescent HRP
substrate (ThermoScientific, Rockford, IL) was applied to blot
followed by exposure to film.

Fixed Cell Microscopy

For imaging GFP-tagged as well as untagged Gag, COS-1
cells were plated at 80-90% confluency on coverslips (Fisher
Scientific). Cells were co-transfected at a ratio of 4:1 with 3.2
ug WT or mutant M-PMV provirus and 0.8 yg WT or mutant
pSARM-GagGFP-M100A, or were transfected with the
untagged WT or mutant provirus only. 24 hours post
transfection, cells were fixed with cold methanol:acetone (1:1).
Coverslips containing cells transfected with GFP-tagged virus
were then placed on glass slides with Prolong Antifade Gold
(Invitrogen). Coverslips containing the fixed cells transfected
with untagged provirus were reacted with polyclonal rabbit-anti-
p27 antisera (1:500 dilution), and after washing 3X in PBS,
bound antibodies were tagged with 1:10,000 diluted Alexa-488-
conjugated Goat-anti-Rabbit IgG (Invitrogen) and subsequently
placed on glass slides with Prolong Antifade Gold. Cells were
then imaged on the Deltavision Core Imaging System (Applied
Precision, Issaquah, Washington) with a CoolSnap camera at
60X magnification.

Live Cell Microscopy

CMMT cells, which constitutively produce WT M-PMV
proteins, were plated to 70-80% confluency on 35-mm
coverslip-bottom dishes (Matek, Ashland, MA), then
transfected with 4 ug pSARM-GagGFP-M100A construct using
the Lipofectamine 2000 transfection reagent. For co-
localization studies with microtubules, cells were co-transfected
with pPSARM-GagGFP-M100A and p-mCherry-tubulin (A gift
from Roger Tsien to Paul Spearman). Images were acquired
using the Deltavision Core Imaging System with a CoolSnap
camera. All experiments were done in a 37°C chamber with
CO, infusion at 60X magnification.

Time-lapse Image Analysis

Deltavison (.dv) files were imported into FIJI, an NIH open-
source image analysis software distribution, using the Bio-
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Formats Importer (LOCI) plugin [22,23]. Particles were
detected and tracked in two- and three dimensions using the
Particle Tracker (MOSAIC) plugin. This plugin allowed for
automated tracking of single particles based on an algorithm
described by Sbalzarini et al. [24]. To calculate maximum
instantaneous velocity, the instantaneous velocity at each time
point was calculated using the x- and y- position of a 2D image
and the following formula:

: ANt = x5+ (1 — )

t

X pixel_size

Vv, - instaneous velocity at time n

X, - X-position at time n

Y, - y position at time n

t - time lapse between successive frames

pixel size - representative size/pixel

To calculate the total displacement of a trajectory, the
distance between the beginning and end of a trajectory was
calculated using the x- and y- position of the 2D image and the
following formula:

diotal= ’\/(xlast - xfirst)z + (ylast - yfirst)z

diie- total displacement

Xirs- X-POsition at beginning of trajectory
Xas X-pOsition at end of trajectory

Yirst- Y-POsition at beginning of trajectory
Yiast- Y-POsition at end of trajectory

For tracking along microtubules, single particles were
manually tracked by following the particle in successive frames
until the particle was no longer visible or no longer able to be
discriminated by eye. To define trajectory types, trajectories
were categorized by visual examination of the trajectories
made using the ImageJ Particle Tracker (MOSAIC) plugin.
Trajectories with less than (<) 10 frames were filtered out. For
quality control, the total displacement of the trajectories was
calculated.

Results

Construction of an M-PMV provirus expressing a Gag-
eGFP fusion protein

Initial experiments to construct a GFP-tagged M-PMV Gag
protein, in which the pro-pol region of the genome was
replaced with the gene for eGFP, resulted in the synthesis of a
~70kD protein consistent with the product of aberrant splicing
(Data not shown). We therefore codon-optimized the gag gene
and created a gag-egfp gene fusion as described in Methods.
In order to express the codon-optimized Gag-GFP fusion
protein from an M-PMV provirus, the chimeric gene was
inserted into pSARM-X to replace the gag, pro and pol genes
as described in Methods (Figure 1A, B). Since the pro and pol
genes were removed from this construct and cleavage could
not occur upon release, a pSARM-X construct containing a
mutation in the active site of pro, D26N, was used as the
positive control in the experiments described below.

In order to investigate whether the Gag-GFP construct was
synthesized, assembled, and transported with similar kinetics
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to WT Gag, pulse-chase experiments were carried out.
Immunoprecipitation of pulse-labeled cells transfected 24 hours
previously with the pSARM-D26N plasmid showed major bands
at 78, 95, and 180 kD (Figure 1D, Lane 1 Pulse), consistent
with the Gag, Gag-Pro, and Gag-Pro-Pol precursors. Pulse-
chase analysis of the new construct, pPSARM-GagGFP showed
two major bands at approximately 95 and 105 kD (Figure 1D,
Lane 2 Pulse). Both of the bands were inefficiently released
into the supernatant after a 4h chase in complete medium
(Figure 1D, Lane 2 4h Sup).

An analysis of the sequence of the codon-optimized gag
gene showed a weak Kozak-consensus sequence preceding
the initiating methionine, as well as a second in-frame
methionine at amino acid 100 (M100), raising the possibility
that ribosomes, were traversing the primary initiating
methionine of gag and initiating translation at M100. We
therefore optimized the Kozak consensus sequence at the
initiating methionine, and substituted an alanine codon for that
of M100 (M100A) (Figure 1C and Figure S1). M-PMV M100A
had previously been shown to have no effect on Gag
processing or release kinetics [9]. The Kozak-optimization and
the M100A mutation in this pSARM-GagGFP-M100A construct
resulted in efficient initiation from the first methionine,
eliminated expression of the truncated protein, and showed
Gag-GFP expression at comparable levels to D26N (Figure 1D,
Lane 3 Pulse). Moreover, these modifications resulted in more
efficient transport and release of the Gag-GFP fusion protein
(Figure 1D, Lane 3 4h sup.).

A pulse-chase analysis also revealed that the Env
glycoprotein was inefficiently expressed in the Gag-GFP fusion
construct even though the env gene was present. In wild-type
M-PMV Env is expressed from a spliced mRNA, and all
putative env splice acceptor sites (Figure S1) are present in the
region flanking the 3’ end of GFP in the pSARM-GagGFP-
M100A fusion, but this construct still yielded background levels
of Env expression (Figure 1E). Analysis of the nucleotide
sequence of non-codon-optimized versus codon-optimized M-
PMV Gag showed that a majority of the potential splice branch
points were removed during codon-optimization (data not
shown). The possibility that the branch point for Env splicing
was in the pro or pol genes, which have been completely
removed from this construct, also cannot be ruled out.

Expression of eGFP-fused Gag alone causes aberrant
capsid formation

To determine if the fusion of a 27 kD eGFP protein to the
carboxyl terminus of Gag impacted the shape and size of the
resulting immature capsids, capsid structure was visualized
using transmission electron microscopy (TEM). 293T cells were
transfected with pSARM-GagGFP-M100A or pSARM-X, and
prepared for TEM. The results from analysis of thin section
electron-micrographs showed that capsids from cells
transfected with pSARM-GagGFP-M100A were aberrantly
shaped in comparison to capsids from cells transfected with the
WT provirus (Figure 2B), although they were distributed
similarly throughout the cytoplasm (Figure S2A and B). The
immature capsids in cells transfected with pSARM-GagGFP-
M100A were larger in diameter, were not uniform in shape, and
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Figure 2. Verification of viral particles shapes by transmission electron microscopy. COS-1 cells were transfected with
pSARM-X wild type provirus (A) or pSARM-GagGFP-M100A (B). 24 hours after transfection were cells fixed in a 2.5%
glutaraldehyde fixative for 2 hours at 4 °C. The cells were washed and subsequently fixed in 1% osmium fixative. The cells were
then dehydrated with ethanol, followed by infiltration with 100% ethanol and Epon resin for at least one hour. Cells were then
embedded in fresh Epon resin at 60°C for 48 hours then cut into ultrathin sections and picked up on a copper grid. The arrows in (A)
point to WT intracellular capsids of homogenous shape, with a diameter of approximately 100 nm. The arrows in (B) point to
GagGFP-containing intracellular capsids having a beads-on-a-string shape and varying diameters greater than 100 nm. Bar = 200

nm.
doi: 10.1371/journal.pone.0083863.g002

had a “beads-on-a-string” morphology compared to the more
compact, homogenously-shaped immature capsids of the WT
(Figure 2B versus 2A).

Release kinetics of capsid is delayed in the absence of
WT virus and rescued during cotransfection with WT
Since previous reports have shown that Env expression is
necessary for efficient virion release and capsid maturation
[2,7,10,12], and the TEM data showed improper capsid
morphology when cells were transfected with pSARM-
GagGFP-M100A alone, a pulse-chase experiment was carried
out to determine whether cotransfection with WT pSARM-X
changed the kinetics and efficiency of Gag-GFP release from
cells. Proteins were pulse-labeled with %S methionine for
30min and chased with unlabeled media for 2 or 4 hours. Cell
lysates from the pulse and each chase time-point, as well as
cell culture medium (supernatants) from the chase plates were
immunoprecipitated with rabbit anti-p27¢* antibody (Figure 3A).
The mutant pSARM-D26N was used as the positive control
(Lane 1). Radioactivity corresponding to the
immunoprecipitated proteins were quantitated as described in
Methods. Consistent with previous reports, approximately 2
hours after the pulse, 50% of the cell-associated precursors
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(Pr78, Pr95, and Pr180) had been released into the culture
medium (Figure 3B, Figure S3). Cells transfected with pSARM-
GagGFP-M100A alone showed a large delay in release
kinetics, and even after a 4 hour chase, only 45% had been
released. For cells cotransfected at a ratio of 4:1 D26N to
pSARM-GagGFP-M100A, which  mimics WT  protein
expression, in which Pr95 and Pr180 are translated 15% and
5% of the time respectively through ribosomal slippage [25,26],
there was an increase kinetics of Gag-GFP release, with 50%
of Gag released approximately 3 hours after the pulse (Figure
3A, lane 3; Figure 3B). TEM microscopy of these co-
transfected cells revealed capsids with WT morphology (Figure
S2C)

In order to confirm that co-assembly of Gag-GFP and
untagged Gag was occurring in co-transfected cells, two
different experiments were performed. In the first cells were
either singly transfected with pSARM-GagGFP-M100A, or co-
transfected with this vector and WT pSARM-X , which
expresses a functional viral protease. A Western blot analysis,
using a mouse anti-GFP antibody, of virions pelleted through a
25% sucrose cushion showed that, in contrast to the 110 kD
Gag-GFP released from singly transfected cells, the Gag-GFP
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Figure 3. Analysis of release kinetics of the GagGFP fusion protein. (A) 293T cells (untransfected, Lane 4) were transfected
with pSARM-D26N (Lane 1), pSARM-GagGFP-M100A (Lane 2) and co-transfected (Lane 3) with pSARM-D26N and pSARM-
GagGFP-M100A at a 4:1 ratio. Viral proteins were metabolically labeled with 3S methionine and then immunoprecipitated with
rabbit anti-p27°* antibody from lysates of pulse-labeled cells (pulse), pulse-labeled and 2h and 4h chased cells (2h lysates and 4h
lysates) and from the culture media collected after 2h or 4h chase respectively (2h and 4h sup.). Positions of the viral precursor
proteins Pr180 (Gag-Pro-Pol), Pr95 (Gag-Pro) and Pr78 (Gag) and product of pSARM-GagGFP-M100A are shown. (B) The
percentage of cell associated viral protein was measured by calculating the ratio of protein from the lysates versus the total protein
(lysates and sup.). Conversely, the percentage of released viral protein was measured by calculating the ratio of protein from the
supernatants versus the total protein. For D26N, the total amount of cell-associated and released Gag is calculated by adding the
amounts of each of the precursors (Pr180, Pr95, and Pr78). For GG and GG co-transfections, the amount of Gag cellular and
released Gag corresponds to the amount of Gag-GFP.

doi: 10.1371/journal.pone.0083863.g003
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in virions from co-transfected cells was efficiently cleaved to
the expected p4-GFP (Figure S4, pSARM-GagGFP + WT).

In the second approach, supernatants from cells transfected
with pSARM-GagGFP-M100A or co-transfected with pSARM-
D26N, and radiolabeled with 3*S methionine, were analyzed on
discontinuous sucrose gradients. As can be observed in Figure
S5, Pr78 and Gag-GFP from co-transfected cells were
observed primarily in fractions 4 and 5 (density 1.12 g/mL and
1.17 g/mL). Similar results were obtained for virus released
from cells singly transfected by pSARM-D26N (Pr78) and
pSARM-X (p27 and gp70). In contrast, virions released from
pSARM-GagGFP-M100A transfected cells exhibited a more
heterogeneous density and were observed in fractions 3-6
(density 1.08 g/mL - 1.20 g/mL).

Because of these results, further experiments with the
pSARM-Gag-GFP-M100A vector included co-transfection with
WT pSARM-X at a ratio of 4:1 (WT: GagGFP), or transfection
into CMMT cells, a rhesus macaque mammary tumor fibroblast
cell line that constitutively expresses WT M-PMV.

M-PMV GagGFP subcellular localization is similar to
untagged M-PMV provirus

To verify that the GFP fusion was not affecting cellular
localization of Gag, COS-1 cells were transfected with
untagged forms of wild type provirus or previously described M-
PMV Gag mutants (R55W, R22A, K16A/K20A) and following
fixation were stained with a rabbit anti-Gag antibody. The
staining pattern was compared to COS-1 cells co-transfected
with pSARM-GagGFP-M100A or the same vector into which
the R55W, R22A, or K16A/K20A mutations were introduced,
along with the respective pSARM provirus at a 1:4 ratio.

The COS-1 cells producing untagged forms of Gag were
fixed 24 h after transfection and immunostained; the cells
producing GFP fused forms of Gag were fixed 24h after
transfection.

Previous work with immunostained wild-type Gag reported a
dispersed distribution of Gag in the cytoplasm, with a higher
concentration of signal in pericentriolar region, which is the site
of particle assembly and Env recruitment [2,10,19]. Similar
subcellular localization was observed here in COS-1 cells
expressing both untagged (Figure 4A, WT untagged) and WT
GagGFP (Figure 4A, WT GFP-tagged). However, the WT
GagGFP displayed a somewhat denser staining pattern, likely
owing to enhanced protein production resulting from the codon
optimization of gag.

Stansell et al. showed that a double mutation in the matrix
domain, K16A/K20A results accumulation of capsids on and
efficient budding into intracellular vesicles, with a concomitant
50 to 70% reduction in the efficiency of viral particle release [5].
In both the native and GFP-tagged systems, this mutation
resulted in fewer discrete fluorescent capsids in the cytoplasm
and the presence of large brightly fluorescent bodies,
consistent with the previously described phenotype of budding
into intracellular vesicles (Figure 4A, K16A/K20A Untagged and
GFP-tagged). Co-staining with the red membrane dye, Dil,
supports the conclusion of budding into vesicles (data not
shown).
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The R55W mutation within the matrix domain of M-PMV
Gag, is known to significantly reduce intracellular assembly and
redirect it to the plasma membrane of the cell [3]. In the
immunostained cells, the dispersed intracytoplasmic staining of
capsids was drastically reduced and was replaced by an
intense fluorescent signal along the plasma membrane (Figure
4A, R55W Untagged). A similar, but more intense staining
pattern was observed in the Gag-GFP expressing cells (Figure
4A, R55W, GFP-tagged).

Stansell et al also showed that an R22A mutation in the
matrix protein of Gag results in a complete block to virus
particle release from infected cells [5]. The particle release
defect of the GFP-tagged and untagged form of R22A Gag was
verified in a pulse-chase experiment. The cells were pulsed for
30min with 3S- methionine and then chased for 4h. M-PMV
proteins were immunoprecipitated, using a goat anti-MPMV
antibody, then analyzed on an SDS-PAGE gel, from both the
pulse (Figure 4B, Pulse gels) and pulse-chase cell lysates
(Figure 4B, 4h lysates), as well as from the cell culture medium
of the 4h chased cells (Figure 4B, 4h sup). Control wells were
transfected with WT-D26N (Figure 4B, lane 2), pSARM-
GagGFP-M100A (Figure 4B, lane 3), and pSARM-X (Figure
4B, lane 4), and detectable amounts of Pr78, Gag-GFP, and
p27 respectively were observed in the 4h supernatants. In
contrast, while pPSARM-R22A (Figure 4B, lane 5) and pSARM-
GagGFP-M100A-R22A (Figure 4B, lane 6) transfected cells
exhibited similar precursor protein patterns in the pulse and
pulse-chase cell lysates to their WT counterparts, no released
proteins (p27 or Gag-GFP) were detectable in the 4h-
supernantants.

Real-time imaging of the Gag-GFP fusion construct
shows lateral movement throughout the cell
M-PMV-expressing CMMT cells were transfected with
pSARM-GagGFP-M100A and visualized in real-time with
exposures every 5 seconds for 2 minutes. Using the Particle
Tracker plugin on the FIJI software package, particles were
detected and then automatically tracked [24].Trajectory data
showed three different populations of fluorescent particles
(Figure 5A, Movie S1, Figure S6). Population 1 showed
trajectories with restricted movement and little to no
displacement from the beginning to the end of the trajectory
path (Figure 5B.1). The median displacement for trajectories
that are seen in this population is 1.6 pixels, and occurred
approximately 15% of the time for trajectories containing at
least 10 time points (Figure S6A and B). Population 2 showed
particles moving in an erratic, Brownian manner, with very little
displacement (Figure 5B.2). The trajectories in this population
appear larger than those of the first population, although there
is very little long-range movement within the trajectory. The
median total displacement of particles in this population is
significantly higher (6.9 pixels) than in Population 1. Tracks in
this population made up approximately 41% of the trajectories
that had at least 10 times points (Figure S6A and B).
Population 3, occurring 44% of the time, displayed long, linear
tracks with, in most cases, significant displacement from the
beginning of the track to the end (Figure 5B.3). The median
displacement in this population was 15.5 pixels (Figure S6B).
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Figure 4. Comparison of untagged and GFP-tagged M-PMV Gag wild-type and mutants in COS-1 cells. (A) COS-1 cells
were cotransfected at the ratio of 4:1 with pSARM-WT and pSARM-GagGFP-M100A, pSARM-R55W and pSARM-GagGFP-M100A-
R55W, or pSARM-K16A/K20A and pSARM-GagGFP-M100A-K16A/K20A (tagged) or transfected with the untagged pSARM-WT,
pSARM-R55W or pSARM-K16A/K20A mutants (untagged). Cells were fixed 24 h post-transfection with cold methanol:acetone (1:1).
Cells transfected with untagged provirus were stained by primary rabbit antibody against M-PMV p27 and secondary FITC-
conjugated anti-rabbit antibody. Localization of K16A/K20A mutant into intracellular vesicles and localization of R55W on plasma
membrane is shown. Scale bar, 20 ym. (B) COS-1 cells (untransfected, Lane 1) were transfected with pSARM-D26N (Lane 2),
pSARM-GagGFP-M100A (Lane 3), pSARM-X (Lane 4), pPSARM-R22A (Lane 5) and pSARM-GagGFP-M100A-R22A (Lane 6). Viral
proteins were metabolically labeled with [**S] and then immunoprecipitated with goat anti-MPMV antibody from lysates of pulse-
labeled cells (pulse), pulse-labeled and 4h chased cells (4h lysates) and from the culture medium collected after the 4h chase (4h
sup.). Positions of the viral precursor proteins Pr180 (Gag-Pro-Pol), Pr95 (Gag-Pro), Pr86 (Envelope) and Pr78 (Gag) are shown.
Products of pPSARM-GagGFP-M100A (*) and pSARM-GagGFP-M100A-R22A (**) are shown.

doi: 10.1371/journal.pone.0083863.9g004
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This lateral movement across the cell was bidirectional in
nature at times, and the instantaneous velocities oscillated
between periods of complete cessation of movement followed
by periods of long-range movement. The median, maximum
instantaneous velocity of tracks in Population 3 was
approximately 700nm/s (Figure 5C).

Fluorescently-labeled capsids associate and transport
along microtubules

The results from the live cell imaging of capsid transport
suggested a possible role for microtubules in their intracellular
transport. Specifically, the bidirectional movement and the
oscillating velocities of capsid movement have been previously
described for endosomal movement as well as viral movement
along microtubules [27-30]. To test whether the capsids were
associated with and were transported along microtubules,
CMMT cells were co-transfected with pPSARM-GagGFP-M100A
and mCherry-labeled tubulin and then imaged 24 hours post-
transfection. Images were captured every second for one
minute in one z-stack. Time-lapse data of these cells shows a
majority of the capsids are not moving, but nevertheless
colocalize with a tubule (Movie S2). When a smaller section of
the cell is examined at higher effective magnification, capsids
that display rapid, lateral movement with significant
displacement appear to ftraffic along the path of the
microtubules (Figure 6). Examples of retrograde and
anterograde movement along tubules can be seen, as well as
examples of capsid that appear to switch from one tubule to
another (data not shown).

Discussion

To date, the host cell factors involved in the assembly and
intracellular trafficking of retroviral proteins remain poorly
understood. For M-PMV, much work has been done to
elucidate the cellular factors involved in assembly of premature
capsids in the pericentriolar region of the cell. Factors such as
the microtubule organizing center and dynein motors have
previously been described to interact with the Gag assembling
on polysomes through an interaction with the cytoplasmic
targeting and retention signal in the matrix domain of Gag. It
has also been shown that the cellular vesicular trafficking
system has a role in intracellular capsid transport, since a
temperature block of 20°C, which reversibly inhibits vesicle
trafficking, causes an accumulation of capsid particles at the
pericentriolar site of assembly [2,7,10,12]. In addition, several
mutations in the cytoplasmic domain of the Env glycoproteins
[2,7,10,12], and others in the Gag polyprotein has suggested
that endocytic recycling pathways are critical for Env's
involvement in efficient capsid intracellular transport [7,10].
However, most of these studies utilized population-based
pulse-chase experiments and fixed cell immunofluorescence.
The availability of fluorescently labeled M-PMV proteins that
can be visualized in a living cellular system clearly has the
potential to provide more insight into the roles of cellular factors
in the intracellular transport of M-PMV capsids from their site of
assembly to the plasma membrane site of egress.
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Constructing and optimizing an M-PMV Gag-GFP fusion

The goal of this study was to construct an M-PMV Gag-GFP
fusion protein that could be visualized in live cells and to use
this construct to investigate intracellular trafficking of M-PMV
capsids. First, the gag-gene of M-PMV was codon optimized to
prevent aberrant splicing observed with the native coding
region. Despite this, fusion of gfp to the 3’ end of the codon-
optimized gag resulted in the production of a truncated GFP-
tagged protein, in addition to the full-length product. This
shorter product was shown to result from ribosomal initiation
from an internal, in-frame methionine 100 amino acids from the
primary initiation codon for gag. Although this methionine is
present in the WT M-PMV gag, only background levels of
protein are initiated from this methionine. However, previous
work had shown that even single nucleotide changes to the
second codon of Gag could result in ribosomes skipping the
initiating methionine (M1) and initiating translation of a
truncated Gag more than 50% of the time [31]. It is therefore
probable that initiation from this second methionine in the GFP
fusion construct was due to codon optimization, which allowed
the ribosome to recognize this second methionine at a higher
rate than it would in the non-codon optimized gag. Introduction
of the M100A mutation, previously shown to have no effect on
virus infectivity, and optimization of the Kozak sequence before
M1, resulted primarily in full-length translation products.

Another caveat to constructing a Gag-GFP fusion protein
that is biologically relevant is the fact that fusion of a 27-kD
GFP protein to the carboxyl-terminus of Gag could interfere
with capsid morphogenesis. Indeed in a previous study, only
incomplete and aberrant particles were assembled when the
frame-shifting signal at the end of gag was mutated to generate
only Gag-Pro and Gag-Pro-Pol precursors [32]. When 293T
cells were transfected with the pSARM-Gag-GFP-M100A
construct alone, transmission electron microscopy showed the
assembly of larger, non-spherical capsids that had an unusual
“beads-on-a-string” external surface. Additionally, when virus
was subjected to density centrifiguation through a 20%-50%
sucrose gradient, GagGFP-containing virions appear in
fractions 3-6, while WT virions and virions from co-transfected
cells were primarily present in the 4" and 5" fractions,
confirming that virions from cells transfected with pSARM-
GagGFP-M100A alone have a more diverse and in some
cases lower density than WT virions. Moreover, pulse-chase
analyses showed that the kinetics of release for these aberrant
capsids was also greatly reduced. In order to assemble a GFP-
tagged capsid that is transported with kinetics similar to a WT
capsid, co-assembly of Gag and Gag-GFP proteins in ratios
resembling Gag and Gag-Pro must occur. Because of this, all
experiments involving the Gag-GFP fusion protein were
performed in the context of WT virus, either by cotransfection
or by transfection of Gag-GFP into the CMMT cell line that
constitutively expresses WT M-PMV.

To confirm further that that the Gag-GFP fusion protein
behaved similarly to untagged, WT Gag, a comparison was
made of the subcellular localization of both WT and several
well-characterized Gag mutants. Immunofluorescent staining
showed that GFP-tagged Gag localized similarly to the
untagged Gag. WT forms of both exhibited a dispersed
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Figure 5. Real-time imaging of GagGFP fusion protein in live cells. (A) M-PMV expressing CMMT cells were transfected with
pSARM-GagGFP-M100A and visualized 24 hours later in real-time every 5 seconds for 2 minutes. Using the Particle Tracker plug-in
on FIJI, particles were detected and then tracked. Scale bar = 20 pm. Real time imaging of these frames is shown in movie S1. (B)
Trajectory data showed trajectories with restricted movement and little to no displacement from the beginning to the end of the
trajectory path (1), trajectories where the particle moved in an erratic, Brownian manner, and displayed very little displacement (2)
and long tracks with significant displacement from the beginning of the track to the end (3). (C) To calculate the instantaneous
velocity for a trajectory in population 3, the distance traveled between each time point was calculated and divided by the time
interval (5s). Maximum instantaneous velocity refers to the maximum instantaneous velocity for an individual trajectory.

doi: 10.1371/journal.pone.0083863.g005
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overlay

Figure 6. Real-time imaging of GFP labeled virus-like particles along the microtubule. M-PMV expressing CMMT cells were
cotransfected with pPSARM-GagGFP-M100A and mCherry-tubulin and imaged 24 hours later in real-time. Images were captured at
consecutive intervals of 1 second for one minute in one focal plane. Scale bar= 1 ym. Real time imaging of these frames is shown in

movie S2.
doi: 10.1371/journal.pone.0083863.g006

distribution of fluorescent puncta, with a concentration in the
pericentriolar region. This pattern was dramatically altered in
pSARM-GFP-M100 vectors encoding the R55W and K16A/
K20A mutants. In the former, Gag staining outlined the
periphery of the cells with predominantly diffuse staining in the
cytoplasm, consistent with capsid assembly now occurring on
the plasma-membrane [3]. And for the latter, brightly staining
vesicular structures were observed, consistent with budding
into a variety of intracellular vesicles [5]. Along with this visual
evidence that the Gag-GFP fusion protein behaves similarly to
untagged Gag, a pulse-chase analysis of the tagged and
untagged R22A mutant showed that, like the untagged mutant,
pSARM-GagGFP-M100A-R22A also failed to be released from
cells. This provides compelling evidence that the Gag-GFP
fusion protein utilizes virus-cell interactions comparable to the
untagged Gag, and can be used for characterizing the nature
of M-PMV Gag intracellular transport in dynamic, real time
applications.

PLOS ONE | www.plosone.org

Evidence for M-PMV capsid use of the cellular
cytoskeleton for transport

Particle tracking of GFP-tagged capsids in transfected
CMMT cells and COS-1 cells provided evidence for three types
of capsid movement. In the first, the particles exhibited very
little lateral movement, consistent with them being anchored to
a subcellular structure. In the second, capsid movement was
consistent with Brownian movement — presumably representing
capsids free in the cytoplasm. Finally, a subset of capsids
exhibited long-range oscillatory movement, with kinetics that
are consistent  with movement  on microtubules.
Characterization of endosomal intracellular transport, as well
as the interaction of several different viruses with the
microtubular network of the cell, shows that microtubular cargo
have instantaneous velocities that are oscillatory in nature and
movement is bidirectional [27-30,33]. The microtubule motors
involved in anterograde transport toward the plasma
membrane, kinesins, have been shown to propel cargo as fast
as 4 pm/s, as well as to stall cargo during “pauses”
[27-29,33,34]. Microtubule-dependent transport of viruses has
been extensively studied in Vaccinia virus [30,35]. In these
studies, intracellular enveloped viruses (IEV) have been shown
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to require the use of microtubule motor, kinesin-1, for saltatory
transport from their intracellular site of replication and assembly
to the cortical actin layer. These studies have shown a wide
range of instantaneous velocities, with an average of
approximately 8 pym/s. Live cell imaging analysis from these
studies also describe bidirectional movement of IEVs and
movement consistent with switching of IEVs from one
microtubule to another.

In this current study, a subset of capsids was observed to be
associated with microtubules, but not moving. Since these
kinetic studies capture only a very small fraction of time (1-2
minutes), it is possible that the microtubule-associated capsids
are stalled along the microtubule at this time. The capsids that
appear to be transporting along the microtubules have
instantaneous maximum velocities up to 2 pm/s with a median
of 700 nm/s, when images were captured every 5 seconds.
The capsid movement observed in our system also displays
bidirectional transport, and evidence of jumping from one
microtubule to another microtubule can also be seen. These
observations provide strong support for the hypothesis that the
capsids are utilizing microtubules for intracellular transport.

A major caveat to this study is that the real-time imaging only
captures approximately 4% of the time necessary for 50% of
capsids to be released from the cell. This means the imaging is
limited to characterizing localized movement of individual
capsids in a small window of time. Further experimentation
must be performed to characterize the collective nature of
capsid movement over longer periods of time.

Conclusion

The current study shows that employing the use a
fluorescently-tagged M-PMV Gag protein can be useful in
characterizing the nature of M-PMV Gag assembly and
transport in a real-time imaging system. In order to utilize this
system, however, it is necessary to use a codon-optimized Gag
with an M100A mutation in the MA protein to prevent internal
initiation. Codon-optimization results in a dysfunction in splicing
necessary for Env expression, and Env expression has been
shown to be critical in efficient capsid release kinetics. TEM
results also show that transfection of 293T cells with the Gag-
GFP fusion protein results in aberrantly shaped capsids. Both
of these phenotypes amplify the importance of co-expression of
the Gag-GFP fusion protein with the WT or D26N Gag from a
proviral vector, which both express Env at WT levels and
allows for co-assembly for tag and untagged Gag proteins.
Following optimization of these conditions, Gag-GFP
expressing cells display intracellular movement of assembled
capsids that is consistent with transport along microtubules.

Supporting Information

Figure S1. Annotated nucleotide and amino acid sequence
of pSARM-GagGFP-M100A.

The nucleotide sequence for pSARM-GagGFP-M100A was
imported into the bioinformatics software Geneious™ version
5.5.5 (Biomatters, www.geneious.com). With this software, the
nucleotide sequence was translated in the correct frame. The
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position of the optimized Kozak consensus sequence, the
initiating methionine (M1), the methionine to alanine
substitution (M100A), GA-linker used to separate Gag and
eGFP, and two putative splice acceptor sites for Env were
annotated.

(PDF)

Figure S2. Transmission electron microscopic imaging of
the intracellular localization of immature
capsids.Transmission electron microscopy (TEM) images of
COS cells transfected with pSARM-X (A), pSARM-GagGFP-
M100A (B), and cotransfected with pSARM-X and pSARM-
GagGFP (C). Arrowheads point to representative immature M-
PMV capsids.

(TIFF)

Figure S3. Percent GagGFP released from cells.
Quantitation of the % GagGFP released from the cell at each
time point from pulse-chase analysis of 293T cells transfected
with pSARM-GagGFP-M100A only (red), a 4:1 ratio of pSARM-
D26N and pSARM-GagGFP-M100A as compared to the total
amount of Gag released from cells transfected with pSARM-
D26N (blue).

(TIFF)

Figure S4. Western blot analysis of virus released from
cotransfected cells. (A) Western blot of supernatants from
293T cells, untransfected (lane 1), or transfected with pSARM-
GagGFP-M100A only (lane 2) or a 4:1 ratio of pPSARM-X and
pSARM-GagGFP-M100A (lane 3). Supernatants were resolved
on 12% SDS-PAGE, and blotted with antibody against GFP.
(B) Quantitation of band intensity of western blot. Black bars
represent the band corresponding to the uncleaved Gag-GFP
fusion and white bars represent the cleaved p4-GFP found in
293T cells transfected with pSARM-GagGFP-M100A, or
cotransfected with pSARM-GagGFP-M100A and pSARM-X.
(TIFF)

Figure S5. Density fractionation of virions released into
the cell supernatant. (A) Sucrose gradient density
fractionation of supernatants from 293T cells cotransfected with
pSARM-D26N and pSARM-GagGFP, pSARM-GagGFP alone,
pSARM-X, pSARM-D26N, or untransfected (mock). Culture
supernatants were collected 48 hours after transfection and
overlayed on a 20%-50% (w/w) sucrose gradient, followed by
ultra-centrifugation in at 35,000 rpm for 3 hours in a SWTi-41
rotor. Fractions were collected by upward displacement and
immunoprecipitated with an antibody against whole M-PMV.
Samples were resolved on 12% SDS-PAGE gel. (*) represents
the band corresponding to Gag-GFP fusion protein. (B) The
refractive index of each fraction was measured using a
refractometer. The density was determined by comparing the
refractive indices to a standard conversion table for the density
and refractive index in sucrose.

(TIF)

Figure S6. (A) Percentage of each type of trajectory found
in Figure 5A. Analysis is based on categorizing 20 different
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trajectories from 4 subsections of the cell (left of nucleus,
above nucleus, below nucleus, and right of nucleus). (B) The
total displacement of 10 separate trajectories from each
population type was calculated. The line represents the median
for each population. Statistical analysis was based on the non-
parametric Mann-Whitney t-test.

(TIFF)

Movie S1. Real-time imaging of GagGFP fusion in CMMT
cells. M-PMV expressing CMMT cells were transfected with
pSARM-GagGFP-M100A and visualized on the Deltavision
Core Imaging System 24 hours later. 3D images (with 10 z-
sections spaced 200 nm apart) were in captured every 5
seconds for a total of 2 minutes. The video is a projection of all
z-sections in one plane.

(AVI)

Movie S2. Real-time imaging of GFP labeled virus-like
particles along the microtubule. M-PMV expressing CMMT
cells were cotransfected with pSARM-GagGFP-M100A and
mCherry-tubulin and imaged 24 hours later in real-time. Images
were captured at consecutive intervals of 1s for one minute in
one focal plane.
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Abstract: The envelope glycoprotein (Env) plays a crucial role in the retroviral life cycle by mediating
primary interactions with the host cell. As described previously and expanded on in this paper,
Env mediates the trafficking of immature Mason-Pfizer monkey virus (M-PMYV) particles to the
plasma membrane (PM). Using a panel of labeled RabGTPases as endosomal markers, we identified
Env mostly in Rab7a- and Rab9a-positive endosomes. Based on an analysis of the transport of
recombinant fluorescently labeled M-PMV Gag and Env proteins, we propose a putative mechanism
of the intracellular trafficking of M-PMV Env and immature particles. According to this model,
a portion of Env is targeted from the trans-Golgi network (TGN) to Rab7a-positive endosomes. It is
then transported to Rab9a-positive endosomes and back to the TGN. It is at the Rab9a vesicles where
the immature particles may anchor to the membranes of the Env-containing vesicles, preventing Env
recycling to the TGN. These Gag-associated vesicles are then transported to the plasma membrane.

Keywords: Mason-Pfizer monkey virus; envelope; intracellular trafficking; endosomes; virus-like
particles; transport

1. Introduction

Mason-Pfizer monkey virus (M-PMV) is a D-type retrovirus that preassembles its immature
particles in the cytoplasm of infected cells [1,2]. Due to both temporally and spatially separate steps of
assembly and budding, M-PMV has been utilized as a model to study the retroviral life cycle with
potential extrapolation to more complex viruses, e.g., human immunodeficiency virus (HIV).

As in other retroviruses, immature M-PMV particles assemble from the polyprotein precursors of
structural proteins and enzymes: Gag, GagPro, GagProPol in defined ratios [3]. All three polyproteins
initiate synthesis on free polysomes in the cytoplasm, but are co-translationally transported to the
microtubule organizing center (MTOC) by the cellular molecular motor dynein. This requires the
interaction of a cytoplasmic targeting/retention signal (CTRS) in the matrix domain of Gag and a
light chain of dynein (Tctex-1) [4-6]. The MTOC region seems to be an ideal place for this intracellular
assembly as it anchors many organelles and factors, including chaperonins, which may facilitate this
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process. It was shown that interaction with the chaperonin TRiC stabilizes Gag and facilitates its
multimerization [7]. The multimerization seems to be initiated by conformational changes of Gag
induced by its specific interactions with unspliced viral mRNA [8]. The precursor of the envelope
glycoprotein (Env) is translated from spliced mRNA on the rough endoplasmic reticulum (ER) and it is
co-translationally transported to the lumen of the ER where it trimerizes and is partially glycosylated.
The glycosylation is completed in the Golgi apparatus, which is also the site where the cellular protease
furin cleaves Env into two subunits, gp70 (surface subunit) and gp22 (transmembrane subunit), which
remain associated. A detailed explanation of the molecular mechanism of intracellular transport of
M-PMYV Env has been hindered by the lack of specific anti-Env antibody. Therefore, the detection
of physiological levels of Env in M-PMYV infected cells is limited to the use of polyclonal antibodies
recognizing all M-PMYV proteins.

In general, Env, as an integral type-I membrane protein, would be expected to be targeted from the
TGN via the secretory pathway to the plasma membrane (PM). The incorporation of Env into budding
particles does not appear to take place at the PM, but requires recycling since the mutation that blocks
endocytosis also inhibits Env incorporation [9]. After Env is endocytosed from the PM, it is trafficked
to recycling endosomes, which were suggested to be the location of initial Env/Gag interactions [10].
This interaction would then mediate the trafficking of Env and immature capsids-associated vesicles
back to the PM where budding is initiated.

Here we present a follow-up study focused on the Env/Gag trafficking pathway. The intracellular
transport of Env was monitored using a construct encoding the whole M-PMV genome where the
transmembrane domain (TM) of Env is tagged with the mCherry fluorescent protein (mCherryTM).
Live-cell imaging experiments showed that a majority of mCherry is localized to intracellular vesicles of
unknown origin. We used a panel of endosomal markers based on RabGTPases tagged with enhanced
green fluorescent protein (EGFP) to perform colocalization studies with mCherryTM. This approach
proved that mCherryTM is localized to Rab7a endosomes and to a lesser extent to those positive for
Rab9a. Live-cell imaging data showed the joint transport of mCherryTM-containing vesicles and
EGFP-labeled Gag. Both signals were detected in a pericentriolar region as well as at the cell periphery.
The results allowed us to propose a mode of intracellular trafficking of M-PMV Env and its site(s) of
interaction with Gag immature particles.

2. Materials and Methods

2.1. Plasmids

The plasmids pSARMXmCherryTM (encoding whole M-PMV proviral DNA with mCherry
coding sequence inserted into the extracellular region of the transmembrane domain, TM, immediately
adjacent to the membrane-spanning domain [11]) and pEGFP-Rab5a were kindly provided by
Dr. Paul Spearman (Cincinnati, OH, USA). pSARM-Gag-EGFP-M100A was constructed previously
and is described in Clark et al. [12]. The plasmids pEGFP-Rab7a, pEGFP-Rab%9a and pEGFP-Rabl1a
were kindly provided by Richard Pagano (Addgene plasmids # 12605, # 12663 and # 12674) [13].

2.2. The Introduction of I18A and Y22A Mutations into pSARMXmCherryTM Construct

It was shown previously that Env proteins mutated in the cytoplasmic domain (cytoplasmic
tail, CT) of TM at positions 18 and 22 (I18A and Y22A) were efficiently transported to the plasma
membrane, but failed to be incorporated into the released virions; suggesting that critical step(s) in the
trafficking of these proteins are perturbed [9,14]. The following primers were designed to introduce
I18A into pSARMXmCherryTM. Two sets of primers were designed to amplify two halves of the
plasmid carrying the mutation:

Set 1:

5-AAACCTGCACAAGTCCATTATCATCGCCTTG and
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5-AAGAGGGCCCAATATCCGAGCAAAGACG
Set 2

5-GACTTGTGCAGGTTTGGCCTGGATGCTC and
5'-ATATTGGGCCCTCTTATCAGCAAGGCCTGG

To regenerate the plasmid, the two polymerase chain reaction (PCR) products, which had
complementary 15 nucleotides ends, were joined using InFusion® according to the manufacturer’s
instructions. After incubation at 50 °C for 15 min, the mixture was transformed into E. coli JM109
competent cells and incubated at 30 °C.

An identical approach was used for the Y22A mutant form of pSARMXmCherryTM.
Set 1:

5'-GTCCATGCTCATCGCCTTGAACAAGAAGACAGTGG and
5'-AAGAGGGCCCAATATCCGAGCAAAGACG

Set 2

5'-GCGATGAGCATGGACTTGTATAGGTTTGGC and
5'-ATATTGGGCCCTCTTATCAGCAAGGC

2.3. Cultivation of Cells, Transfection of Plasmids and Imaging

All transfections were performed in COS-1 cells [CRL-1650]—African green monkey kidney
fibroblasts transformed with SV40 (ATCC, Manassas, VA, USA). The cells were cultivated in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal serum. For all imaging studies,
the cells were seeded and grown on sterile coverslips placed in 6-well plates. The transfection was
performed usually 24 h later using FugeneHD (Promega, Fitchburg, WI, USA) reagent in a ratio of 3 uL
of reagent to 1 ug of DNA. The transfection mixture was prepared according to the manufacturer’s
instructions in 100 pL of OptiMem® (Thermo Fisher Scientific, Waltham, MA, USA) media per well
and added dropwise to the cells.

For the RabGTPase colocalization studies, 100 ng of RabGTPase DNA was mixed with 1 pg
of pSARMXmCherryTM plasmid variant and transfected as described above. Twenty-four hours
post-transfection, the cultivation medium was replaced with fixative (4% formaldehyde in phosphate
buffered saline (PBS)) and incubated for 20 min at room temperature, washed with PBS, incubated
with 50 mM NH,4Cl for 5 min (to remove residual traces of formaldehyde) and again washed with
PBS. The coverslips were mounted in Vectashield mounting medium (Vector Laboratories, Burlingame,
CA, USA).

For studies of the membrane localization of native Env (of untagged virus), 1 ug of pPSARMX
construct or pTML plasmid was mixed with 3 puL of FugeneHD and transfected as above. At24 h
post-transfection, the coverslips with the living cells were placed on ice and incubated with goat
anti-M-PMV antibody for 25 min to stain surface Env. To visualize the intracellular content, fixation
was performed as described above. After the fixation, 1% bovine serum albumin (BSA) in PBS was
added to the samples to block nonspecific interaction sites. After 20 min of incubation the cells
were permeabilized using 0.1% Tween 20 in PBS for 10 min and then incubated with rabbit anti-CA
antibody [15] for 30 min at room temperature. To visualize Env-bound primary antibody, the cells
were incubated with secondary anti-goat IgG antibody conjugated with AlexaFluor® 350 (Invitrogen,
Carlsbad, CA, USA) for 20 min at RT. To visualize immature capsids, the cells were incubated with
secondary anti-rabbit IgG antibody conjugated with fluorescein isothiocyanate (FITC) under the same
conditions. After multiple washes, the coverslips were mounted into Vectashield mounting medium.

For studies of the membrane localization of mCherry tagged Env, 1 ug of pPSARMXmCherryTM
wild-type (WT) or mutant variant construct was mixed with 3 pL of FugeneHD and transfected
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as above. After 48 h, the living cells were incubated with goat anti-M-PMV antibody or rabbit
anti-mCherry antibody (ab167453, Abcam, Cambridge, UK) on ice for 25 min. After the formaldehyde
fixation, 1% BSA in PBS was added to the samples to block nonspecific interaction sites and samples
were immunostained with secondary anti-goat IgG antibody conjugated with Alexa Fluor® 350
(Invitrogen, USA) or with secondary anti-rabbit IgG antibody conjugated with Alexa Fluor™ Plus 488
(Thermo Fisher Scientific, Waltham, MA, USA) for 20 min at RT. After multiple washes, the coverslips
were mounted into Vectashield mounting medium (with DAPI for anti-mCherry antibody staining).

For the study of the colocalization of cis/medial Golgi and mCherryTM, COS-1 cells were
transfected with 1 ug of pPSARMXmCherryTM WT or mutant construct as it is described above. 48 h
later were cells fixed with 4% formaldehyde, blocked with BSA and permeabilized as described above.
All samples were incubated with primary antibody rabbit anti-GOLM1 (Sigma Aldrich, St. Louis, MO,
USA) and after multiple washes immunostained with secondary anti-rabbit IgG antibody conjugated
with Alexa Fluor™ Plus 488 and mounted into Vectashield medium.

All fixed samples were imaged using an Olympus cell'R microscope (Olympus, Tokyo, Japan) or
spinning disk confocal microscope (Andor, Belfast, UK).

2.4. Immunolabeling of Viral Proteins with Radioactive Isotopes and Immunoprecipitation (Pulse Chase Assay)

For this assay, the cells were seeded into 6-well plates in multiple sets. They were transfected using
1 pg of DNA (pSARMX-WT, pSARMXmCherryTM-WT or mutant variants) with 3 puL of FugeneHD
in 100 pL of OptiMem® medium per well and incubated for 48 h. The cultivation medium was
then replaced with DMEM medium lacking methionine and cysteine. After 15 min of incubation,
the cells were pulse-labeled with 100 puCi of [358]—1abeling mix (Isolabel [*°S]; a mixture of [*°S]
methionine and [*°S] cysteine in the ratio 4:1) per well for 30 min at 37 °C under physiological
conditions. One set of samples was lysed immediately (pulse/cell lysates) and others after 2 h, 4 h and
8 h of incubation in complete DMEM. The culture media were centrifuged at 13,000 RCF for 5 min
at room temperature. Lysis buffer A (8.76 g/L NaCl, 6.06 g/L Trizma base, 10 mL/L Triton X-100,
10 g/L sodium deoxycholate) was added and samples were incubated for 10 min, placed on ice for
5 min, centrifuged at 13,000 ¢ RCF for 2 min and supernatants were transferred into new tubes.
The concentration of sodium dodecyl sulfate (SDS) was adjusted to 0.1% in both culture media and
cell lysates and all the samples were incubated with a suspension of inactivated Staphylococcus aureus
(Staph A) at room temperature for 30 min to remove unspecific binders. 1 pL of goat anti-M-PMV
antibody was added to each sample after the pellet of Staph A was removed and incubated overnight
at 4 °C. The immunocomplexes were precipitated with Staph A in lysis buffer B (Lysis buffer A +
1 g/L SDS). Viral proteins were resolved by Tris-Tricine SDS polyacrylamide gel electrophoresis
(SDS PAGE). Gels were incubated in drying solution (100 mL/L acidic acid, 400 mL/L methanol,
30 mL/L) for 20 min and dried in a gel dryer (Bio-Rad, Hercules, CA, USA) for 2 h at 80 °C. The imaging
screen (Molecular Imager FX™ Imaging screen-K) was exposed to the dried gels for one week.

2.5. Live-Cell Imaging

For live-cell imaging, the cells were seeded into glass-bottomed dishes (MatTek Corporation,
Ashland, MA, USA) and incubated in complete DMEM.

To determine the localization of mCherryTM protein variants, COS-1 cells were transfected with
1 pug of pPSARMXmCherryTM WT or mutated variant with 3 puL of FugeneHD in 100 pL of OptiMem®
medium per dish.

For studies of the co-transport of mCherryTM and EGFP-labeled immature capsids, the cells
were co-transfected with a mixture of 200 ng of pSARM-Gag-EGFP-M100A and 800 ng of
pSARMXmCherryTM WT (or mutant variant) and 3 uL of FugeneHD in 100 uL of OptiMem® media
per dish. We showed previously that the pSARM-Gag-EGFP-M100A vector produced minimal levels
of Env, likely due to a decrease in the splicing efficiency of Env mRNA since some of the potential splice
branch points for Env splicing were removed during the codon-optimization of the Gag sequence.
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Immediately before imaging, the culture media in all samples were replaced with phenol red
lacking DMEM supplemented with 10% FBS, L-glutamine (final concentration 0.584 g/L) and 1%
vitamins solution. The samples were then placed into the incubation cell of an Olympus cell'R
microscope and incubated at physiological conditions while the videos were acquired. All videos were
captured each second with exposure of 100 ms.

2.6. Quantification of Colocalization

Colocalization of Rab-positive vesicles and mCherryTM was analyzed with Image]J (version 1.52g,
National Institutes of Health, Bethesda, MD, USA) [16-18]. Due to the unusual type of colocalization,
where both signals do not overlap, since the Rab signal is on the surface of the endosome and the
mCherry signal appears to fill the inner volume of the endosome, a mask of regions of interests (ROIs)
was created based on the Rab signal. This mask was applied to the mCherry channel image and the
intensity of the mCherry signal was measured in all ROIs. This approach gave a yes/no answer as
to whether particular ROI (or actually Rab-positive endosome) also contained an mCherry signal or
only the background signal. Based on these results, the percentage of mCherry-positive Rab-positive
endosomes from the total number of Rab-positive endosomes was identified.

The quantification of the colocalization of mCherryTM variants and GagEGFPWT was performed
by Coloc2 analysis in Image] (version 1.52g, National Institutes of Health, Bethesda, MD, USA) [19-21].
The analysis was done on the first image from the time-lapse dataset of the particular virus variant (WT,
I18A, Y22A). The mask of ROIs was created based on the mCherry signal (mCherry signal-positive
vesicles) and then the colocalization with the GagEGFP signal was quantified by using the Coloc2
analysis tool in Image] (version 1.52g, National Institutes of Health, Bethesda, MD, USA).

2.7. Transmission Electron Microscopy (TEM) Analysis

Transmission electron microscopy (TEM) analysis was performed as described previously [22].
Briefly, COS-1 cells producing M-PMV were washed with PBS 48 h post-transfection and fixed with
2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.5 and then postfixed in 1% osmium tetroxide,
dehydrated in ethanol. The material was embedded in Agar 100 epoxy resin. Ultrathin sections were
contrasted with saturated uranyl acetate and analyzed with a JEOL JEM-1200EX microscope operating
at 60 kV.

3. Results

3.1. mCherryTM Protein Synthesis, Processing and Incorporation into Viral Particles

The preparation of plasmid encoding the whole M-PMV genome where Env is tagged with the
mCherry fluorescence protein in TM was described previously [11]. To investigate the mechanism
of Env incorporation into the virus particle, we engineered the I18A and Y22A mutations into
mCherryTM and compared their trafficking pathways with the wild type. COS-1 cells were transfected
with plasmids harboring M-PMV proviral DNA with either untagged Env, WT mCherryTM, I18A
mCherryTM, or Y22A mCherryTM. At 48 h post-transfection, the cells were metabolically labeled for
25 min and chased for 2 h, 4 h and 8 h.

The molecular weights of the expressed mCherry-tagged Env precursors (Pr86-mCherryTM)
corresponded well to that expected for fully glycosylated Env with mCherry inserted (~110 kDa)
(Figure 1A, lanes 3-5). The signal intensities of these products are higher than for untagged
Pr86 (Figure 1A, lane 2), due to the presence of 10 additional methionines in the mCherry tag.
Importantly, the M-PMV structural and enzymatic polyprotein precursors Pr78 (Gag), Pr95 (Gag-Pro)
and Pr180 (Gag-Pro-Pol) were expressed at similar levels for viruses expressing both untagged Env
and mCherry-tagged Env (Figure 1A, lane 2 vs. lanes 3-5).
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Figure 1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of

synthesis, processing and incorporation of wild-type (WT) and mutant Env with mCherry inserted
into transmembrane domain (mCherryTM). COS-1 cells transfected with pPSARMX-WT (untagged
Env, lane 2), pPSARMXmCherryTM WT (WT mCherryTM, lane 3), pPSARMXmCherryTM I18A (I18A
mCherryTM, lane 4) or pPSARMXmCherryTM Y22A (Y22A mCherryTM, lane 5). Line 1 contains mock
material corresponding to non-transfected cells. The cells were labeled 48 h posttransfection with

Isolabel-[3°S] for 25 min and chased in fresh culture media for 2 h, 4 h and 8 h. Viral proteins were

immunoprecipitated with goat anti-Mason-Pfizer monkey virus (M-PMV) antibody and analyzed by
SDS PAGE. The positions of the precursors Pr180 (Gag-Pro-Pol), Pr95 (Gag-Pro), Pr86 (Env-labeled *)),
Pr78 (Gag), Pr86-mCherryTM; the product of the cleavage of Gag polyprotein, p27 (CA); product of the
cleavage of Pr86, gp70 and product of the cleavage of Pr86-mCherryTM, gp22-mCherryTM are shown.



Viruses 2018, 10, 575 7 of 21

We observed a decrease in intracellular concentrations of the precursor proteins over the chase
period (Figure 1B-F), which was accompanied by a reciprocal increase in signal present in the media
corresponding to released virions (Figure 1C,E,G). This suggests that the precursors were efficiently
incorporated and based on the presence of p27 (the Gag cleavage product originating from Pr180,
Pr95 and Pr78 precursors that is linked to virus release), we conclude that virions underwent budding
and the correct maturation process (Figure 1C,E,G; lines 2-5). The absence of gp22-mCherry in
Figure 1C,E,G; lanes 4 and 5, is an expected result, since CT cleavage is mediated by the viral protease
during maturation and neither I18A mCherryTM (line 4) nor Y22A mCherryTM (line 5) is expected to be
incorporated into virions [9]. In contrast, the gp22-mCherry product was present in the culture medium
collected from cells producing only the WT mCherryTM labeled virus (Figure 1C,E,G; lane 3). In both
lanes 4 and 5 (Figure 1C,E,G), we also detected a protein consistent with gp70, a cleavage product of
Pr86 and additional high-MW proteins likely released into the culture medium (Figure 1C,E,G; lanes 4
and 5). A western blot assay was performed to confirm the packaging of mCherryTM into virions by
isolating and analyzing the proper density fractions of the iodixanol gradient to exclude any proteins
which are not associated with the released particles. These experiments showed efficient incorporation
of the mCherry-tagged gp22 and p27Gag into particles with the correct density for M-PMV virions
(see Section SA in Supplementary Information). From these results, it is clear that WT mCherryTM
was successfully transported to the plasma membrane for incorporation into viral particles and that
the CT was properly processed during maturation, while this was not the case for viruses encoding the
mCherry-tagged Env mutant proteins, consistent with previous work on Env lacking mCherry [9,14].
Moreover, the levels of p27 released into the culture medium were reduced for both the [18A and Y22A
mutants, similar to the previous results of Song et al. [14].

3.2. The Intracellular Localization of mCherryTM and Its [18A and Y22A Mutants

Based on the above evidence that mCherryTM can serve as a relevant model for studying the
trafficking of M-PMV Env, we sought to investigate its transport and localization in living cells under
physiological conditions by fluorescence microscopy.

As shown in Figure 2A-C, we did not observe any detectable mCherry signal at the plasma
membrane; however, a strong mCherry signal was observed in the perinuclear region of the cells
expressing WT mCherryTM, specifically, at cisternae-like organelles. Based on their shape and
localization (Figure 2A), they are likely Golgi cisternae. Env is a type I transmembrane protein, thus the
localization of mCherryTM to the Golgi would be expected, as these proteins are transported through
the ER and Golgi for posttranslational processing (glycosylation, protease processing, etc.). In addition
to the static region of intense staining with WT mCherryTM, we observed some signal in vesicles of
unknown origin. Due to seeming variation among intracellular distribution of the signal for the Y22A
mutant (Figure 2C), we performed additional experiments to verify whether the intensive mCherry
signal localization in the perinuclear area is the Golgi apparatus. We immunostained cis/medial
part of this organelle with anti-GOLM1 (Golgi membrane protein 1) antibody in cells producing WT
mCherryTM or the mutant variants (Figure 3). The staining of the WT and the I18 A mCherryTM
mutant was equally intense, but I18A mCherryTM signal was somewhat more distributed around the
GOLM1-labeled area. In contrast, the Y22A mCherryTM signal was detected in distributed cytoplasm
vesicles, with a less intense signal colocalizing in the GOLM1-labeled region compared to the WT and
the [18 A mCherryTM mutant (Figure 3).
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Figure 2. Intracellular localization of WT mCherryTM and I18A and Y22A mutants in living COS-1
cells. The COS-1 cells were transfected with pPSARMXmCherryTM WT (A), pPSARMXmCherryTM I18A
(B) or pPSARMXmCherryTM Y22A (C); 24 h posttransfection, they were imaged using the Olympus
cell'R in real time. Each picture was captured as a single snap in the TxRed channel. All pictures were
captured with the same exposure time. The magnified areas of each picture were transformed into a
black-and-white version with increased contrast. The white ovals represent a nucleus. Magnification
600x; scale bar 20 um.
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Figure 3. The colocalization of mCherryTM and cis/medial Golgi marker GOLM1. COS-1 cells were
transfected with pPSARMXmCherryTM WT or mutant variant. 48 h later, they were fixed with 4%
formaldehyde and permeabilized with Tween 20. All samples were immunostained with primary
rabbit anti-GOLM1 antibody and then with secondary antibody against rabbit IgG conjugated with
Alexa Fluor ™ Plus 488 and mounted into Vectashield mounting medium with DAPIL Samples were
imaged with spinning disk confocal microscope (Andor). Magnification 600 x; scale bar 20 pm.
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3.3. Env and mCherryTM Localization at the Plasma Membrane (PM)

The lack of an mCherry signal at the plasma membrane for any of the mCherryTM constructs was
quite surprising, as an intense signal of immunostained Env at the PM has previously been observed [9].
However, Song et al. analyzed cells producing Env in isolation, while we sought to detect Env in the
presence of additional M-PMV proteins. To clarify, we replicated the antibody staining experiments
performed by Song et al. using an M-PMV molecular clone (pPSARMX-WT) or Env transport-defective
I18A and Y22A variants. To directly replicate the observations made by Song et al., we also included
pIMT-WT, which encodes M-PMV Env alone [14].

Consistent with the findings of Song et al., we observed a largely uniform staining for M-PMV
Env when expressed alone (Figure 4D). The Gag production in fixed and permeabilized cells was
confirmed by counterstaining with the anti-CA antibody:.

Figure 4. Plasma membrane distribution of M-PMV Env. The COS-1 cells were either transfected
with plasmids encoding M-PMV genomic DNA with: WT Env (pSARMX-WT; panel A), I18A Env
(PSARMX-I18A; panel B), or Y22A Env (pSARMX-Y22A; panel C) or an M-PMV Env expression vector
(pPTMT-WT; panel D). 48 h post-transfection cells were incubated with goat anti-M-PMYV antibody on ice
for 25 min to bind surface exposed M-PMV Env. Formaldehyde (4%) fixed cells were immunostained
for CA protein with rabbit anti-CA antibody (except for the cells transfected with pTMT-WT,). Env was
visualized using secondary anti-goat IgG antibody conjugated with Alexa Fluor® 350. Samples were

mounted in Vectashield mounting media and imaged on an Olympus cell'R microscope. The original
blue color of the AF350 signal was changed to cyan for increased contrast. Magnification 600 x; scale
bars 20 um.

Despite repeatedly observed somewhat larger speckles in panel A (Figure 4, complete virus) when
compared to both mutant virus variant in panels B and C, we hesitate to speculate on relocalization of
Env on the plasma membrane when Gag was co-expressed with either the wild type or the mutants,
in contrast to that observed for HIV-1 [23]. The enhanced intensity of plasma membrane staining
for the Y22A mutant (Figure 4C) indicates that its trafficking is retarded at the plasma membrane,
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presumably due to a defect in its endocytosis. This finding is in agreement with the observations of
Song et al. for this mutant [9].

As was mentioned above, we failed to detect any mCherry-related fluorescence signal of the
mCherryTM protein at the PM, however, since WT mCherryTM appeared to be incorporated into
virions during budding, Env should be visible at the PM. To address this discrepancy between
the missing signals of the mCherry-labeled Envs at PM and positive membrane signals of all
non-mCherry-labeled Env proteins, we immunostained the surface of the COS-1 cells producing
WT mCherryTM and its mutant variants.

The non-permeabilized cells expressing M-PMV with mCherry-labeled Env proteins produced
intense intracellular mCherry signals, but little or no evidence of an mCherry signal at the plasma
membrane. In contrast, the same cells immunostained with anti-M-PMV antibody exhibited intense
PM staining, with the signal homogenously distributed over the surface of the cell (Figure 5A-C).
It therefore appears that both the WT Env (Figure 4) and WT mCherryTM protein is present at the
same levels at the cell surface. The lack of the mCherry signal at the PM remains to be explained.
The explanation could be either its presence at low concentration that is under the detection limit of the
inherent mCherry signal or a loss of its ability to fluoresce following exposure to the culture medium.

[18A

Env-AF350 mCherryTM

overlay

Figure 5. Immunostained mCherryTM proteins. COS-1 cells were transfected with plasmids
encoding M-PMV genomic DNA with: mCherry-tagged Envs; pSARMXmCherryTM WT (A),
PSARMXmCherryTM I18A (B) or pPSARMXmCherryTM Y22A (C). After 48 h, the living cells
were incubated with goat anti-M-PMV antibody on ice and then fixed with 4% formaldehyde and
immunostained with secondary anti-goat IgG antibody conjugated with Alexa Fluor® 350. The upper
panels show mCherry fluorescence, the middle panels show the Alexa Fluor® 350- staining, and the
lower panels the two images overlayed. Non-transfected COS-1 cells were processed in the same
set of samples, no non-specific staining was observed for this immunostaining (). The original blue
color of AF350 signal was changed to cyan for increased contrast. The delineation in the upper panels
highlights the plasma membrane (PM). Magnification 600 ; scale bar 20 um.
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To address this question, we performed surface staining of intact non-permeabilized cells
using anti-mCherry antibody labeled with the high signal-to-noise ratio fluorophore Alexa Fluor™
Plus 488. The immunofluorescence image (Figure 6, the right panel) exhibits an intensive green signal
corresponding to the presence of mCherryTM at the membrane surface. As seen from the middle
panel in Figure 6, the intracellular mCherry signal is substantially higher than the very faint, close
to zero, mCherry signal at the membrane. Nevertheless, these experiments show that the mCherryTM
is efficiently transported to the plasma membrane and argue that this protein can be employed to
study the intracellular trafficking of Env.

anti-mCherry-AF Plus 488 WT mCherryTM overlay

Figure 6. Membrane localization of WT mCherryTM immunostained with anti-mCherry antibody.
COS-1 cells were transfected with pPSARMXmCherryTM WT. After 48 h, the living cells were incubated
with rabbit anti-mCherry antibody on ice and then fixed with 4% formaldehyde and immunostained
with secondary anti-rabbit IgG antibody conjugated with Alexa Fluor™ Plus 488. The left panel shows
surface immune-staining of mCherry, the middle panel shows the inherent mCherry fluorescence,
and the right panel shows these two images overlayed. Mock-transfected COS-1 cells were processed
in the same way; no signal was detected. One focal plane acquired with a spinning disk confocal
microscope (Andor) is showed. Magnification 600 x; scale bar 20 pm.

3.4. Characterization of Vesicles Carrying Mason-Pfizer Monkey Virus (M-PMV) Env

Based on the shape, size, and mobility in live cell imaging of the Env-containing vesicles,
along with previous observations that the M-PMV Env cytoplasmic tail targets viral glycoproteins to
endosomal pathways [24], we concluded that the pool of mobile mCherryTM is present in the form
of endosomal vesicles. In order to explore this, Rab5a, Rab7a, Rab9a, and Rabl1la, four markers of
specific endosomal compartments N-terminally tagged with EGFP were co-expressed with WT or
mutant mCherryTM (Figure 7). All the markers belong to the family of the Ras superfamily of G
proteins (Rab GTPases) and are responsible for regulating the transport and maturation of endosomal
vesicles. Rabba regulates transport from the plasma membrane to the early endosomes [25] and is
predominantly localized to the early/sorting endosomes. Rab7a moderates the maturation of certain
domains of early/sorting endosomes into late endosomes [26], and so Rab7a is frequently used as a
marker of late endosomes. Rab9a is involved in the retrograde transport of cargo from late endosomes
to the TGN [27]. Rablla specifically localizes to recycling endosomes, which recycle cargo from
early/sorting endosomes back to the plasma membrane [10,28].

We did not observe any significant colocalization of WT mCherryTM with Rab5a-positive
early /sorting endosomes (Figure 7A). Only approximately 3% of all identified Rab5-positive vesicles
also contained WT mCherryTM signal. While surprising, since previous work by Song showed the
rapid endocytosis of WT Env, this could have resulted from the reduced mCherryTM signal observed
following its exposure on the PM. Also, approximately 7% of Rab5a-positive vesicles colocalized with
the I[18A mCherryTM signal (Figure 7B). As shown in the magnified field in Figure 7B, while the
I18A mCherryTM and EGFP-tagged Rab5a marker were present on the same vesicles, they did not
colocalize in particular subdomains.
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WT mCherryTM [18A mCherryTM Y22A mCherryTM
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Figure 7. Rab-markers based identification of intracellular vesicles carrying mCherryTM protein
variants. The COS-1 cells co-transfected with a combination of pPSARMXmCherryTM and enhanced
green fluorescent protein (EGFP)-tagged endosomal marker coding plasmids were fixed with 4%
formaldehyde 24 h post-transfection. Upon mounting in Vectashield media the samples were imaged
using an Olympus cell'R microscope. White arrowheads indicate colocalization of the mCherryTM
signal and the corresponding marker. Magnification 600 scale bars 20 um.

The Y22A mutant disrupts a critical endocytic signal, and results in a significant deficiency in its
removal from the plasma membrane [9]. Based on this, it was surprising that colocalization between
Y22A mCherryTM and Rab5a was identified (Figure 7C). Based on the analysis, 10% of Rab5-positive
vesicles contained also Y22A mCherryTM signal.

In contrast to what was observed for Rab5a, all three mCherryTM fusion proteins significantly
colocalized with Rab7a. The highest degree of colocalization with Rab7a was seen for the WT Env,
where 68% of Rab7a-positive vesicles also contained the WT mCherryTM signal (Figure 7D), while
both the I18A (Figure 7E) and Y22A (Figure 7F) mutants colocalized with Rab7a much less efficiently
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(23% for I18A variant and 9% for Y22A variant). The colocalization between mCherryTM and
Rab9a-EGFP-positive endosomes was found to be 30% for WT mCherryTM, 23% for I18A mCherryTM
and 25% for Y22A mCherryTM (Figure 7G-I). This confirmed a previous report that Env CT directs
localization to Rab9a-positive endosomes [24], and shows that the observation applies both in the
context of full-length Env and in the presence of other viral proteins. Only a minor degree of
colocalization was detected for mCherryTM variants on Rabl1la-positive recycling endosomes, where
only about 2% of recycling endosomes contained a WT mCherryTM signal, and about 1% of such
vesicles contained an I18A mCherryTM and an Y22A mCherryTM signal. (Figure 7J-L).

3.5. Live-Cell Imaging of mCherryTM and EGFP-Tagged M-PMYV Virus Like Particle

PSARM-Gag-EGFP-M100A was used to monitor interactions between M-PMV Gag and
mCherryTM and the trafficking properties of Gag-associated Env vesicles. This vector has been
previously described; but briefly, it expresses a Gag C-terminally tagged with EGFP, does not encode
Pro or Pol, and Env production is significantly decreased due to the effect of codon optimization of the
Gag sequence [12]. COS-1 cells were co-transfected with pPSARM-Gag-EGFP-M100A and WT or mutant
mCherryTM and 24 h post-transfection samples were imaged with an Olympus cell'R microscope
under physiological conditions in real time.

Figure 8A shows one time point (t20s) from videos of WT mCherryTM and
PSARM-Gag-EGFP-M100A co-transfected COS-1 cells (Video S1 and S2, magnified region in
Video S3 and S4). The white arrowhead in this figure highlights a vesicle carrying at least two
immature capsids, and in the associated video it is clear that this vesicle is being trafficked towards the
plasma membrane. Another 8-13 WT mCherryTM-containing vesicles with attached immature capsids
near the PM can be seen and at least three more are visible in the perinuclear area. The colocalization
of WT mCherryTM with GagEGFPWT was quantified with Coloc2 tool in Image] (version 1.52g,
National Institutes of Health, Bethesda, MD, USA). A rounded estimate is that 47% of identified WT
mCherryTM-positive vesicles colocalized with the GagEGFP signal. It needs to be emphasized that
this particular dataset was challenging for software-based analysis, due to the very high density
of GagEGFP-positive particles, resulting in a high background signal which had an impact on the
measured parameters. This was not the case for both mutant variants. However, by visual analysis,
we estimated that up to 73% of WT mCherryTM vesicles colocalized with GagEGFP particles.

Figure 8. Localization of mCherryTM protein variants and EGFP-labeled Gag/virus like particles.
The COS-1 cells were seeded into glass-bottomed dishes and co-transfected 24 h later with
PSARMXmCherryTM WT (panel A) or one of the mutant variants (pPSARMXmCherryTM I18A,
panel B; pPSARMXmCherryTM Y22A, panel C) together with the pPSARM-Gag-EGFP-M100A constructs.
The next day, the living cells were imaged in the Olympus cell'R microscope under physiological
conditions. Panel A shows WT mCherryTM and EGFP-labeled immature capsids (see also Videos
51-54 in Supplementary Information). Panel B shows I18A mCherryTM and EGFP-labeled immature
capsids (see Video S5 in Supplementary Information). Panel C shows Y22A mCherryTM and EGFP
labeled immature capsids (see Video S6 in Supplementary Information). White arrowheads indicate
mCherryTM-containing vesicles colocalizing with Gag-EGFP virus-like particles. Magnification 600;
scale bar 20 um.
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With I18A, the software analysis was more accurate according to the almost zero
background signal.

The colocalization rate of I18A mCherryTM and Gag-EGFP (white arrowheads in Figure 8B,
shown one time point-t9s) was 33% which is significantly lower than for WT Env. This is consistent
with the reduced incorporation of this mutant Env. I18A mCherryTM vesicles oscillating near
the nucleus were observed (Video S5). The data documenting the vesicular co-transport of Y22A
mCherryTM and GagEGFP immature capsids (Figure 8C, shown one time point-t4s) were similar
to that of I18A mCherryTM (Video S6), even in that the colocalization rate was 53%, which is
almost halfway between WT and I18A Env. As was observed for the [18A mutant, a majority of
the vesicles associated with immature capsids were near the nucleus. To analyze the type of transport
of a particular mCherry variant, particle tracking measurements were performed (see Section SB in
Supplementary Information).

The association of WT immature particles with intracellular vesicles was also confirmed by the
transmission electron microscopy of COS-1 cells transfected with whole M-PMV provirus vector
(Figure 9).

Figure 9. Transmission electron microscope (TEM) image of immature M-PMYV particles associated
with vesicular membranes. Scale bar represents 100 nm.

4. Discussion

Several studies focusing on the molecular mechanism of M-PMV Env intracellular trafficking and
its interaction with Gag have been published [5,10,11]. The main focus of these studies was on the
role of the CT since it is the only part of Env available for potential interactions with viral structural
polyproteins and cytoplasmic proteins. It is important in the initiation of Env incorporation into the
viral particle, and it also plays a role in anterograde and retrograde trafficking, and in the initiation of
intracellular signaling cascades leading to enhanced viral gene expression [29-32].

In M-PMYV, the CT is only 38 amino acids long but it contains at least two signal sequences
that are important for the regulation of intracellular transport and interaction of Env with Gag [33].
Alanine-scanning mutagenesis identified three residues critical for Env incorporation into budding
virions. Mutations I118A, Y22A completely disrupt incorporation and L25A mutant is poorly
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incorporated [9,14]. Intracellularly assembled M-PMV immature capsids acquire their Env at the
plasma membrane during budding [1,34,35], however it is still unclear where the initial contact
between Env and Gag occurs and which domain of Gag is responsible for this interaction. Based on
observations in HIV-1, where a single mutation in MA or deletion in the CT blocks Env incorporation,
M-PMV MA is presumed to mediate this interaction [32,36-38]. Using live-cell imaging of fluorescently
tagged Gag and Env, we determined dynamic intracellular interactions between Gag immature capsids
and Env-containing vesicles (Figure 8A-C and Videos S1-56). This system enables the intracellular
trafficking of M-PMV Env to be tracked. The particle-tracking analysis showed that all three variants
are transported via active transport (see Section SB in Supplementary Information).

Env, as a type I transmembrane protein is synthesized at the rough ER and it is glycosylated
and cleaved by furin while traversing toward the trans-Golgi apparatus (TGN). Once Env reaches
the TGN, it must be sorted to either cisterna C6 or C7 of TGN. The cargo leaving the C6 cisterna is
transported to the plasma membrane via long tubules and nonclathrin buds, while cargo leaving the
C7 cisterna is targeted exclusively to the endosomal pathway via clathrin-coated vesicles [39,40]. It is
unclear how the sorting of transmembrane proteins into these cisternae occurs; however, the length of
the membrane-spanning domain (MSD) likely plays a role in this process. It was originally shown
for sorting at early endosomes that extension of the MSD of TGN38 from 21 to 24 amino acids
caused an aberrant localization of proteins into distinct microdomains [41]. In addition, White et al.
demonstrated that the length of the MSD together with signals in the cytoplasmic domain assist in
segregating transmembrane proteins from Golgi resident proteins into distinct “cargo” regions [42].
The M-PMV MSD consists of 28 amino acids [33] and could be the factor influencing Env targeting
into the distinct cisterna of the TGN.

In contrast to the C-type retroviruses, M-PMV particles assemble at the centrioles, and Env
was thought to be transported from the TGN directly to the plasma membrane [9,43]. Here the
endocytic signal present in the CT mediates rapid Env endocytosis. This generally prevents prolonged
exposure to the immune system. Sfakianos et al. proposed that M-PMYV particles assemble at the
membrane of recycling endosomes [10]. This could subsequently result in the efficient targeting of
both Env and Gag. Evidence for an interaction between M-PMV immature capsids and intracellular
vesicles being utilized in anterograde transport has been published by our group previously [5,11].
This intracellular interaction is also consistent with the finding that M-PMV MA interacts with the
plasma membrane phospholipids with significantly lower affinity [44] compared to HIV-1. We also
observed an accumulation of Gag at intracellular vesicles in COS-1 cells producing wild-type untagged
M-PMV soon after infection and also transmission electron microscopy has confirmed the presence of
assembled M-PMV particles associated with intracellular vesicles (Figure 9).

Using the plasmid pPSARMXmCherryTM encoding whole M-PMV with mCherry tagged Env,
we observed Env in living cells. The majority of mCherryTM was present in intracellular vesicles
and cis/medial Golgi (Figures 2 and 3). The predominant vesicular localization supports the theory
that a significant fraction of Env is targeted to the C7 cisterna of TGN and then to the endosomal
pathway rather than to C6 cisterna and the PM. Blot et al. published a similar observation utilizing
M-PMYV Env CT fused to the C terminus of the CD25 protein. They proposed that this chimera is
targeted directly from the C7 cisterna to the Rab7a-positive endosomes and then (based on the
length of MSD and targeting of Env into distinct microdomains on endosomal membranes) to
the Rab%a-positive endosomes [24], where Rab9aGTPase moderates the recycling of cargo back to
the TGN [27,45]. They suggested that Env is retained in this intracellular cycle (TGN-Endosomal
pathway-TGN) to avoid its unnecessary exposure on the PM [24]. Our data are in agreement with this
theory of intracytoplasmic Env recycling. All three tested mCherry tagged M-PMV variants exhibited
strong colocalization with the Rab7a marker and moderate colocalization with the Rab9a marker
(see Figure 7D-I). We observed only a low colocalization of all three variants with the Rab5a marker of
early endosomes (Figure 7A—C), consistent with the majority of Env entering the endosomal pathway
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directly from the TGN, although this could reflect the much reduced mCherry signal observed at the
plasma membrane and possible quenching of the signal following extracellular exposure.

Blot et al. showed that the dileucine motif (LL or L® motif) mediates the targeting of M-PMV
Env CT containing the chimera from the TGN to late endosomes, while a tyrosine-based motif
(the Yxx® motif) mediates retrograde transport from Rab9a-positive endosomes to the TGN [24].
Our data confirm the importance of the Yxx® motif in Env transport, as we used M-PMV Env with
its native trimerization domain and complete SU and TM subunits. As shown in Figures 2C and 3,
the Y22A mCherryTM protein localizes predominantly in endosomal vesicles while the WT and I18A
(Figure 2A,B and Figure 3) variants are concentrated more also on cisterna-like organelles, labeled with
GOLML1 (cis/medial Golgi) marker, suggesting that the Y22A mutation blocks recycling from Rab9a
vesicles to the TGN.

In the cells producing only Env (without other viral proteins), we observed an intense
signal of immunostained Env present on the PM (Figure 4D), consistent with the observations of
Song et al. [9,14]. We saw a similar result in cells producing both complete untagged WT and also
mutated viruses (Figure 4A-C) and a mCherry-tagged virus-infected cell stained with anti-mCherry
antibody (Figure 6), where Gag is present. This Env-related signal on plasma membrane is either
highlighting spots where budding of virus particles occurs or Env that has reached the plasma
membrane but failed to be incorporated to the virus.

Therefore, we hypothesize that Env can follow two intracellular routes following its synthesis;
in the first, Env cycles internally via Rab9 vesicles to interact with immature capsids just assembling in
the pericentriolar region, and in the second, Env is transported directly to the PM.

Based on our findings together with previously published data, we propose the mechanism
depicted in Figure 10, where two subpopulations of Env leave the TGN. The first is directly transported
to the PM and, because the endocytic signal is not hindered by interaction with immature capsids,
Env is rapidly endocytosed and thus targeted to Rabba-positive endosomes. Based on MSD properties
and signals in the CT, Env is present in distinct microdomains at the membrane of this endosome, which
matures into a Rab7a-positive endosome. Such, Rab7a-positive endosomes have been shown to recruit
Rab9aGTPase into distinct microdomains [26,41,46,47], which afterwards mature into Rab9a-positive
endosomes recycling cargo from late endosomes to cisterna C7 of the TGN [48]. The Rab9aGTPase
remains connected with these vesicles until their fusion with the TGN membrane [27]. At least some
of these Env molecules could then be transported from the TGN, likely utilizing a dileucine motif in
the CT back to Rab7a endosomes. This motif was shown to interact with adaptor proteins to recruit
clathrin to the site of bud formation [49,50].

\ endocytosis

i~ Rab>
@ sorting endosome
/‘ @ Rab7

Rab‘)@ J )
(‘ g

plasma
membrane

<

Figure 10. Proposed scheme of M-PMV Env intracellular transport when expressed in the absence of
other viral components.
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The existence of two independent pathways might also explain published observations that
disruption of the dileucine motif did not prevent the incorporation of Env into M-PMV virions [14].
The disruption of the dileucine motif would block the targeting of Env from the TGN to the endosomal
pathway but would not prevent Env transport to the PM and subsequent endocytosis back to Rab7
endosomes. In contrast, disruption of the Yxx® motif may stop both routes at the membrane of
Rab9a-positive vesicles. Since we have demonstrated the co-transport of Y22A mCherryTM with the
immature capsid (Figure 8, Video S6), the Y22A mutation probably did not influence the recruitment
of immature capsids to the endosomal membrane or their anchoring to the endosomal membrane.
Nevertheless, it presumably prevents the recycling of Env from Rab9a endosomes back to the TGN and
then transport to the PM. This would explain the lower proportion of the Y22A mutant signal in the
GOLM1 labeled region, where both the WT and I18A mutant are predominantly observed (Figure 3).

We propose a model of Env transport in the M-PMV-infected cell (Figure 11), where Gag that
is transported to the MTOC via interaction with a light chain of dynein (Tctex-1) [4] oligomerizes in
this region into the hexameric lattice of the immature particle. These preassembled particles can bind
to the adjacent Env-containing Rab9a-positive vesicles either directly through interaction with polar
lipids [51] or via the cytoplasmic tail of the TM. The transport of Rab9a-positive endosomes towards
both the plasma membrane and the TGN has been shown by Barbero et al. [27]. We hypothesize
that the interaction of immature capsids with the Env-enriched vesicles can induce a switch in
transport towards the PM. This is supported by live-cell microscopy, where we observed immature
capsid-associated-Env-carrying vesicles near the nucleus as well as on the cell periphery (Figure §,
Video S1-56).

In summary, by using biochemical methods, fluorescence microscopy including live-cell imaging,
and TEM, we analyzed the intracellular trafficking of M-PMV Gag and Env and propose a scheme
of intracellular trafficking of these viral components via the endocytic sorting machinery (Figure 11).
The data extend and refine those published by Sfakianos et al. and Blot et al., who suggested that Env
and Gag traverse jointly through the cytoplasm of infected cells [10,24].
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Figure 11. Proposed scheme of M-PMV Env and Gag intracellular transport.



Viruses 2018, 10, 575 18 of 21

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/10/
10/575/s1, Video S1 and S2: Live imaging of COS-1 cell co-transfected with pPSARMXmCherryTM WT
and pSARM-Gag-EGFP-M100A to demonstrate co-transport of EGFP-tagged M-PMV capsids and WT
mCherryTM-containing vesicle. Focused on the whole cell. Fast version means compression of 10 frames
per second and shows real velocity of movement (Video S1). Slow version means compression of five frames
per second (Video S2). Video S3 and S4: Live imaging of COS-1 cell co-transfected with pPSARMXmCherryTM
WT and pSARM-Gag-EGFP-M100A to demonstrate co-transport of EGFP-tagged M-PMV capsids and WT
mCherryTM-containing vesicle. Focused on small region on periphery of cell. Fast version means compression of
10 frames per second and shows real velocity of movement (Video S3). Slow version means compression of five
frames per second (Video 54). Video S5: Live imaging of COS-1 cell co-transfected with pPSARMXmCherryTM
I18A and pSARM-Gag-EGFP-M100A to demonstrate co-transport of EGFP-tagged M-PMYV capsid and 118A
mCherryTM-containing vesicle. Focused on the whole cell. Only one velocity provided. Video S6: Live imaging
of COS-1 cell co-transfected with pPSARMXmCherryTM Y22A and pSARM-Gag-EGFP-M100A to demonstrate
co-transport of EGFP-tagged M-PMV capsid and Y22A mCherryTM-containing vesicle. Focused on the whole cell.
Only one velocity provided. Section SA—Western blot analysis of released virions. Released virions were isolated
via iodixanol gradient. Only the fractions of the proper density, corresponding to the density of the virions [52],
were analyzed. Antibody against Gag and against mCherry were used to visualize particular viral components.
Presence of gp22mCherry signal in isolated virions was validated. Section SB—Particle-tracking analysis was
performed using Fiji plugin Mosaic: Particle tracker 2D/3D [53,54]. Two cells for each mCherry virus variant from
independent experiments were selected for this analysis. In all analyzed cells, 6 to 8 mCherry signal-containing
vesicles were tracked. The trajectories were filtered to only include those containing at least 50 time points.
The analysis showed, according to the MSS slope values, that all three variants were using active transport.
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As-cast Mg-Sn, Mg-Ga and Mg-In alloys containing 1-7 wt.% of alloying elements were studied in this work.
Structural and chemical analysis of the alloys was performed by using light and scanning electron microsco-
py, energy dispersive spectrometry, x-ray diffraction, x-ray photoelectron spectroscopy and glow discharge
spectrometry. Mechanical properties were determined by Vickers hardness measurements and tensile test-
ing. Corrosion behavior in a simulated physiological solution (9 g/l NaCl) was studied by immersion tests
and potentiodynamic measurements. The cytotoxicity effect of the alloys on human osteosarcoma cells
(U-2 0S) was determined by an indirect contact assay. Structural investigation revealed the dendritic mor-
phology of the as-cast alloys with the presence of secondary eutectic phases in the Mg-Sn and Mg-Ga alloys.
All the alloying elements showed hardening and strengthening effects on magnesium. This effect was the
most pronounced in the case of Ga. All the alloying elements at low concentrations of approximately
1 wt.% were also shown to positively affect the corrosion resistance of Mg. But at higher concentrations of
Ga and Sn the corrosion resistance worsened due to galvanic effects of secondary phases. Cytotoxicity tests
indicated that Ga had the lowest toxicity, followed by Sn. The most severe toxicity was observed in the
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1. Introduction

Magnesium alloys show a good combination of strength and low
weight making them of interest in many structural applications in au-
tomotive and aerospace industries. Besides, a relative non-toxicity
and degradability of magnesium in the human body make mag-
nesium based alloys promising materials for the production of tem-
porary biodegradable medical implants like stents in vascular
medicine or fixation devices for fractured bones in osteosynthesis.
For this purpose, many Mg-based alloying systems, such as AZ, AM,
AE, ZE, WE, MZ, WZ, LAE, ZK (according to ASTM designation), Mg-Ca,
Mg-RE, and Mg-Zn-Ca [1-3], have been studied. The design and intro-
duction of a new implant into the medical practice require deep knowl-
edge of chemical, physical, mechanical, corrosion and biological
characteristics of the new material. In this study we focus our attention
on binary Mg-based alloys containing low-melting metals (LMMs),
namely tin, gallium and indium. Among them, Mg-Sn alloys have
been the most widely studied so far. However, additions of tin into
Mg-based alloys are mainly aimed in improving strength and creep re-
sistance for elevated temperature applications [4-7]. Tin forms a Mg,Sn
intermetallic phase with a high melting point of 770 °C [8], therefore,
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this phase shows morphological and thermal stabilities and enhances
the elevated temperature performance of Mg-based alloys. Tin also
improves the castability and corrosion resistance of Mg alloys [4,5].
Regarding the biocompatibility, tin is generally considered as a relative-
ly non-toxic metal. The reason is that tin and its compounds are poorly
absorbed and accumulated in human tissues and that tin is rapidly
excreted mainly by kidneys [9]. There are only a few reports on
Mg-Sn alloys in the context to biodegradable materials. It was reported
by Gu et al. [10] that a binary Mg-1Sn alloy showed a good in vitro bio-
compatibility and that it had no adverse effects on cell viability.

Mg-based alloys containing gallium are mainly studied for appli-
cations in seawater batteries and sacrificial anodes [11,12]. In these
applications, gallium was reported to improve the strength and hard-
ness of Mg-based alloys due to both solid solution and precipitation
strengthening [13]. In vivo and in vitro biocompatibility was mainly
studied for Ga-based semiconductor compounds like GaP or GaN
potentially applicable to monitor and control neural functions [14,15].
It was reported that the GaN semiconductor had a better stability and
biocompatibility than the GaP one. Gallium ions are also known to be
effective against bone resorption and for the treatment of osteoporosis,
and to increase calcium and phosphorus contents in bones [16]. How-
ever, to our knowledge, Mg-Ga alloys have not yet been studied as
potential biodegradable materials for osteosynthesis.

Regarding indium, a number of studies show that insoluble indi-
um compounds may induce toxicity and even carcinogenic effects
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when directly inhaled by lung [17]. On the other hand, there are only
a limited number of studies of Mg-In alloys related to biodegradable
implants. Some results are promising, because they indicate a positive
effect of In on the strength and relatively low effects of In on the via-
bility of cell lines [10]. For these reasons, Mg-In alloys are still subject
of experimental research.

As indicated above, in available literature there is little informa-
tion on Mg-Sn, Mg-Ga and Mg-In alloys in the context to biode-
gradable implants. For this reason, the present study is intended to
characterize structural, mechanical, corrosion and biological pro-
perties of as-cast Mg-Sn, Mg-Ga and Mg-In biodegradable alloys
containing various concentrations of alloying elements. The main ob-
jective is to select the most prospective system for load-bearing im-
plants in osteosynthesis. Simple gravity casting was used to prepare
the alloys, because it represents a simple and inexpensive alternative
for the production of small and complex-shaped implants. Moreover,
due to relatively high solid solubility of Sn, Ga and In in the a-Mg
solid solution (14.5, 8.5 and 53.5 wt.%, respectively) [8], the influence
of solution heat-treatment (T4) on the properties of the alloys is also
investigated.

2. Materials and methods

Binary Mg-Sn, Mg-Ga and Mg-In alloys with various contents of
LMMs were investigated in our work. Concentrations of alloying ele-
ments were selected to be lower than their maximum solid solubility
in a-Mg. Alloy designations and chemical compositions are summa-
rized in Table 1.

The investigated alloys were prepared by melting of pure metals
in an induction furnace under argon atmosphere. After a sufficient
homogenization of the melt, the alloy was poured into a not pre-
heated brass metal mold to produce a cylindrical ingot of 20 mm in
diameter. Structure, mechanical and corrosion properties were stud-
ied in the as-cast state.

Mechanical properties were characterized by Vickers hardness
tests with a loading of 5 kg (HV5) and by tensile tests (LabTest
5.250SP1-VM). Rod samples for tensile testing of 10 mm in diameter
and 100 mm in length were directly machined from the cast ingots.

The corrosion behavior of the alloys was studied by immersion
tests and potentiodynamic measurements in a simple simulated
physiological solution (9 g/l NaCl). However, it's worth mentioning
that blood plasma and intercellular fluid in human organism contain
in addition to Cl~ anion K™, Ca®™, Mg?™, HCO5, HPO3 ~, H,PO; or
S02~ ions and some organic components such amino acids or pro-
teins. Therefore, degradation of magnesium alloys in these fluids is a
much complicated phenomenon compared to that in a simple salt so-
lution. In our corrosion experiment we did not use any simulated
body fluid (SBF). Besides Cl™ anions, SBFs mostly proposed in litera-
ture also contain HCO3", HPO3 ~ or H,PO4 anions. It is known that

these anions would bring about the formation of insoluble corrosion
products (carbonates and phosphates) on the surface of corroded
Mg alloys. These products would slow down the corrosion rates of
the investigated materials [18] and the differences between them
would be partially diminished. For this reason we used a solution
containing only the most aggressive Cl~ anions to assess differences
between corrosion performances of the alloys. Moreover it looks
like that corrosion of biodegradable materials in human organism
can differ from the corrosion process in simulated body fluids, even
in DMEM [19]. Therefore, we used only simple simulated physiologi-
cal solution, allowing an easy comparison of corrosion rate. In the
immersion tests, coupons (20 mm in diameter, 2 mm thick) were im-
mersed in 250 ml of the solution for 168 h at 37 °C. To prevent evap-
oration loss of the corrosion medium immersion tests were carried
out in closed vessels. The exposition in a closed system also better
simulates a biodegradable implant tightly surrounded by a hard
tissue like, for example, a screw for fixation of fractured bone. The im-
mersion tests were supplemented by pH measurements at certain
times during exposure. After immersion tests, corrosion products
were removed using a solution of 200 g/l CrOs, 10 g/l AgNOs; and
20 g/l Ba(NO3), according to ISO 8407. The corrosion rates were
calculated (mmy/year) using the weight losses measured on a balance
with an accuracy of 0.1 mg according to ASTM G31-72. Each immer-
sion test was performed three times. The potentiodynamic curves of
the alloys were measured on a potentiostat (FAS1 Gamry). Experiments
were performed in a standard three-electrode setup: the sample (circle
surface area with 10 mm in diameter) as the working electrode, plati-
num wire as counter electrode and Ag/AgCl/KCl (3 mol/l) as the refer-
ence electrode (SSCE) with a potential of 0.199 V/SHE. All potentials
presented in this paper were measured against SSCE. Potentiodynamic
curves were scanned at a rate of 2 mV/s.

The structure and elemental distributions of the alloys, as well as the
corroded surfaces, were studied by light microscopy (LM) and scanning
electron microscopy (SEM, Tescan Vega 3) with energy dispersion spec-
trometry (EDS, Oxford Instruments Inca 350). The phase composition
was determined by X-ray diffraction (XRD) analysis using an X'Pert
Pro diffractometer (30 mA, 40 kV, X-ray radiation Cu K). Concentra-
tion profiles of corrosion products were also analyzed by glow discharge
spectrometry (GDS, GD Profiler 2, Ar pressure of 650 Pa, source operat-
ing at 50 W, approximate sputtering rate of 2.5 um/min). Additionally,
chemical composition of the surface and sub-surface regions of corrod-
ed alloys was characterized by x-ray photoelectron spectroscope (XPS,
ESCA Probe P, pressure in the analytical chamber of 2 x 108 Pa, mono-
chromatic Al K, X-ray source, binding energy calibration with respect to
the energy of Au 4f7/2 peak).

Human osteosarcoma cells (U-2 OS) were used to evaluate the
cytotoxicity of the alloys containing 1% of LMMs. Cells were cultured
in Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 1 mg/ml

Table 1

Designations and chemical compositions (in wt.%, including cathodic impurities) of the investigated alloys.
Alloy designation Element

Sn Ga In Al Si Mn Zn Fe Ni Cu Co Mg

Mg - - - 0.018 0.015 0.015 0.003 <0.001 <0.001 <0.001 <0.001 bal.
Mg-1Sn 1.335 - - 0.021 0.015 0.040 0.003 <0.001 <0.001 <0.001 <0.001 bal.
Mg-5Sn 4.697 - - 0.020 - 0.020 0.003 <0.001 <0.001 0.001 <0.001 bal.
Mg-7Sn 7.238 - - 0.027 0.010 0.035 0.003 <0.001 <0.001 <0.001 <0.001 bal.
Mg-1Ga - 1.210 - 0.025 0.024 0.020 0.003 <0.001 <0.001 <0.001 <0.001 bal.
Mg-4Ga - 3.889 - 0.017 0.020 0.013 0.003 <0.001 <0.001 <0.001 <0.001 bal.
Mg-7Ga - 6.733 - 0.014 0.023 0.017 0.003 0.001 <0.001 <0.001 <0.001 bal.
Mg-1In - - 0.863 0.018 0.032 0.027 0.003 <0.001 <0.001 <0.001 <0.001 bal.
Mg-3In - - 2.636 0.013 0.011 0.015 0.003 <0.001 <0.001 <0.001 <0.001 bal.
Mg-7In - - 7.363 0.015 0.011 0.010 0.002 <0.001 <0.001 <0.001 <0.001 bal.
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Fig. 1. SEM micrographs of the as-cast alloys: a) Mg-1Sn, b) Mg-5Sn, ¢) Mg-7Sn, d) Mg-1 Ga, e) Mg-4Ga, f) Mg-7Ga, g) Mg-1In, h) Mg-3In, and i) Mg-7In.
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Fig. 1 (continued).

streptomycin and 250 ng/ml amphotericin B at 37 °C in a humidified
atmosphere of 5% CO,. The cytotoxicity was evaluated by an indirect
contact assay. Extracts were prepared using DMEM medium con-
taining 5% FBS and antibiotics at 37 °C for 168 h. The ratio of surface
area of alloy samples to the extraction medium was 1 cm?/ml. The
extract was then withdrawn and either used directly for the cytotox-
icity test or; alternatively, stored at 4 °C. Cytotoxicity tests were also
performed after twofold and fifteen fold dilutions of the original ex-
tracts. The concentrations of eluted metal ions were determined
using inductively coupled plasma mass spectrometry. Cells were
seeded at a density of 2.5x10* cells/ml and incubated in 96-well
cell culture plates for 24 h to allow attachment. The medium was
then replaced with 100 pl of the extracts. The controls involved either
DMEM medium as mock or 0.64% phenol in DMEM medium as a neg-
ative control. Following the incubation of the cells in a humidified
atmosphere of 5% CO, at 37 °C for 2 and 5 days the extracts were re-
moved. The cells were then washed twice using phosphate buffered
saline (PBS) and overlaid with phenol red-free DMEM medium

containing 5 pl of WST-1 reagent (Roche) per well. The plates were
incubated with WST-1 for 4 h at 37 °C. The assay is based on the re-
duction of tetrazolium salt to soluble formazan by mitochondrial en-
zymes of viable cells. The absorbance of the samples characterizing
the cell viability was measured using microplate reader at 450 nm
with a reference wavelength of 630 nm.

3. Results and discussion
3.1. Structure

Fig. 1 shows as-cast microstructures of the investigated alloys. The
a-Mg phase in the as-cast alloys (Fig. 1(a) to (i)) has a typical den-
dritic morphology with an average dendrite arm thickness of approx-
imately 20 um. In Mg-Sn (Fig. 1(a) to (c)) and Mg-Ga (Fig. 1(d) to
(f)) alloys, Mg,Sn and MgsGa, eutectic particles (light) are observed
in interdendritic regions. The volume fractions of eutectic phases
increase with increasing concentrations of Sn and Ga in alloys.
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Zzztteer?trations (in wt.%) of the main alloying elements in o-Mg dendrites of the as-cast alloys (EDS).
As-cast alloy
Mg-1Sn Mg-5Sn Mg-7Sn Mg-1Ga Mg-4Ga Mg-7Ga Mg-1In Mg-3In Mg-7In
Dendrite cores 0.9 3.0 44 0.8 3.2 42 0.8 15 5.0
Dendrite edges 1.8 74 8.9 3.6 6.4 8.6 1.9 55 11.7

Moreover, the volume fraction of the MgsGa, eutectic particles is
higher than that of Mg,Sn particles at the same concentrations of
alloying elements (Fig. 1(c) and (f)). The reason is a higher solid
solubility of Sn in Mg (14.5%) than that of Ga in Mg (8.5%) [8]. In
the Mg-In alloys (Fig. 1 from (g) to (i)), no secondary phases are vis-
ible due to a high solid solubility of In in a-Mg (53.5 wt.%) [8]. SEM
micrographs in Fig. 1 also indicate a dendritic microsegregation in
the as-cast alloys which appears as light shadows at dendrite edges
corresponding to an enrichment in alloying elements. Chemical com-
positions of dendrite cores and edges are summarized in Table 2. As
expected, concentration gradients increase with increasing concen-
trations of alloying elements. Moreover, the highest concentration
gradient is observed in the as-cast Mg-7In alloy, because this alloy
does not contain any In-rich secondary phases (Fig. 1(i)).

3.2. Mechanical properties

Mechanical properties of selected as-cast alloys are summarized in
Fig. 2. It is observed that the LMMs influence mechanical properties in
different ways. Both gallium and tin increase the yield strength that
belongs to 0.2% of relative deformation (TYS), ultimate tensile
strength (UTS) and hardness. But the hardening effect is more pro-
nounced in the case of gallium, because hardness, yield and tensile
strength of the Mg-4Ga alloy are higher than the same parameters
of the Mg-5Sn alloy. Three hardening contributions can be expected
in the Mg-Ga and Mg-Sn alloys: 1. Hall-Petch (H-P) hardening, 2.
solid solution hardening and 3. hardening by secondary Mg,Sn and
MgsGa, eutectic particles (Fig. 1). The H-P contribution is similar
for both the alloys because of the observed similarity in dendrite di-
mensions (Fig. 1). Solid solution hardening is caused by an elastic
stress induced by substitution atoms introduced into the Mg lattice.
In the first approach, the elastic stress is proportional to the atomic
size mismatch between Mg and alloying elements. Atomic radii of

Mg, Sn and Ga are 0.160, 0.158 and 0.135 nm, respectively [8]. Appar-
ently, gallium atoms which are smaller than magnesium atoms by
16% induce a higher stress in magnesium lattice than tin atoms
whose dimensions are similar to magnesium. Hardness and strength
are also influenced by the volume fraction of secondary eutectic
phases. By comparing Fig. 1(b) and (e) one can observe that the vol-
ume fraction of the MgsGa, phase in the Mg—4Ga alloy is slightly
higher than that of the Mg,Sn phase in the Mg-5Sn alloy. As was
mentioned before, this is caused by a higher solid solubility of Sn in
Mg [8]. Besides the hardening and strengthening effects of gallium,
this element also improves plasticity, because the elongation of the
Mg-4Ga alloy (7.2%) is the highest from all the measured alloys
(Fig. 2). Plasticity of Mg-based alloys is influenced by slip systems
available in the magnesium lattice. It was shown by Liu et al. [13]
that small gallium atoms introduced into hexagonal magnesium lat-
tice reduce the c/a ratio leading to the activation of additional slip
planes and to an improvement of the plasticity.

In contrast to gallium and tin, the influence of indium on the
strength and hardness is smaller because both parameters are similar
to those of pure Mg. The reasons are: 1. the similarity between In and
Mg atomic radii (0.157 and 0.160 nm, respectively) [8] resulting in a
low solid solution hardening effect, 2. the absence of hard secondary
phases due to a high solid solubility of indium in magnesium
(Fig. 1(g) to (i)). Modulus of elasticity for all studied materials ranged
from 42 GPa for Mg to 45 GPa for Mg-5Sn alloy. Due to low concen-
trations of alloying elements, there were no differences in the values
of modulus of elasticity.

In Table 3 mechanical properties of different materials that have
been studied for possible applications as biodegradable implant ma-
terials are shown, pure magnesium and Mg-In alloy were character-
ized by quite pour TYS and UTS. On the contrary Mg-Ga alloy was
characterized by improved mechanical properties in comparison
with biodegradable polymer materials and improved or comparable
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Fig. 2. Mechanical properties of the as-cast alloys (TYS — Tensile Yield Strength, UTS — Ultimate Tensile Strength, El — plastic Elongation, HV5 — Vickers Hardness).
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Table 3
Mechanical properties of selected materials considered for applications in medicine.
TYS [MPa] UTS [MPa] El [%] EM [GPa]
Cortical bone [29] 104.9-114.3 35-283 1.07-2.10 5-23
Cancellous bone [29] 1.5-38 0.010-1.570
Ti6Al4V [30] Annealed conditions 795 860 10 116
Stainless steel 316L type [2] Annealed conditions 190 490 40 193
Synthetic HA [29] 40-200 70-120
DL-PLA [29] 29-35 1.9-24
PLLA (poly-L-lactid acid) [31] 11-72
PGA (polyglycolic acid) [31] 57
PCL (poly-C-caprolactone) [31] 19-21
Mg [29] As-cast 87 21 41
Mg [10] As-cast 20 85 13
Mg-1Al [10] As-cast 40 160 16
Mg-1Ag [10] As-cast 25 115 13
Mg-1In [10] As-cast 35 145 15
Mg-1Mn [10] As-cast 28 87 7.5
Mg-1Si [10] As-cast 80 195 15
Mg-1Sn [10] As-cast 35 145 20
Mg-1Y [10] As-cast 25 75 10
Mg-1Zn [10] As-cast 25 130 18
Mg-1Zr [10] As-cast 65 170 27
Mg-5Gd [32] As-cast 45 125 4.5
Mg-10Gd [32] As-cast 80 125 25
Mg-1Zn [33] As-cast 20 102 7
Mg-4Zn [33] As-cast 58 217 16
Mg-4Zn-0.5Ca [33] As-cast 70 180 12
Mg-4Zn-1.5Ca [33] As-cast 83 167 7
Mg-0.5Sr [34] T4 37 74 3
Mg-1.55r [34] T4 40 81 2.6
Mg-2.0Zn-0.5Sr [34] T6 62 142 8.9
Mg-6.0Zn-0.5Sr [34] T6 128 209 3.6
Mg-2Sr [35] Rolled state 145 210 3
WE43 [36] T6 170 220 2 44
Mg-2Ca [37] Extruded 165 230 11
Mg-4Ca [37] Extruded 200 240 5
Mg-3Nd-0.2Zn-0.4Zr [38] T4 90 194 12
Mg-3Nd-0.2Zn-0.4Zr [38] Extruded 162 234 12
Mg-2Zn-0.46Y [39] Extruded 160 270 20
Mg-2Zn-0.46Y-1Nd [39] Extruded 170 280 16
Mg-4Y-1Zn-1Mn [40] As-cast 140 175 8
AZ91 [41] Diecast 150 230 3
AMG60 [41] Diecast 115 205 6
ZE41 [41] T5 140 205 35
WE54 [41] T6 172 250 2
WEA43 [41] T6 165 250 2
AE42 [41] Diecast 110 244 17

mechanical properties with other studied materials based on Mg-Zn,
Mg-Ca or Mg-Zn-Nd system. Moreover, mechanical properties of
Mg-Ga were studied only in the cast state. It can be assumed that
after sufficient treatment, for example using extrusion process, me-
chanical properties especially TYS should be significantly improved.
In [20] Pellicer et al. compared compressive yield stress and Young's
modulus of potential biodegradable materials. Although our materials
were studied using tensile tests, observed properties are close to
some other biodegradable magnesium alloys in crystalline state.
Therefore, values of compressive stress should be also comparable.
Based on our assumptions and using reference [20], it is evident
that especially Mg-Ga alloys appear as competitive material for
other biodegradable materials. However, mechanical properties of
biodegradable metallic glasses are still superior because these mate-
rials are characterized by closer modulus of elasticity compared to
bones and higher Yield strength than magnesium crystalline alloys.
Unfortunately, the main problem in this case is the preparation of
larger volumes of these materials.

Fig. 3 illustrates fracture surfaces of the alloys after tensile tests. A
combination of inter- and trans-crystalline failures is observed for the
pure Mg (Fig. 3(a)). In the case of binary alloys (Fig. 3(b) to (d)), frac-
ture cracks evidently grew along dendrite boundaries. In the Mg-Sn

and Mg-Ga alloys these boundaries are occupied by hard eutectic
particles acting as stress concentrators. More detailed views indicate
the occurrence of local plastic deformation during the fracture of
the alloys. This deformation is mainly observed on the fracture sur-
face of the Mg-4Ga alloy showing a typical dimple-like morphology
(Fig. 3(c)). The presence of small and deep dimples surrounding
hard MgsGa, eutectic particles is in accordance with the high elonga-
tion of the Mg-Ga alloy determined by tensile tests (Fig. 2). On the
other hand, in the case of the Mg-5Sn alloy there is only an indication
of shallow dimples on the fracture surface (Fig. 3b) corresponding to
the low elongation of this alloy (Fig. 2).

3.3. Corrosion behavior

Corrosion rates of studied alloys are summarized in Fig. 4a. Fig. 5
illustrates potentiodynamic curves of the alloys containing the
highest concentrations of LMMs. It is observed in Fig. 4a that all the
LMM s improve the corrosion resistance in the simulated physiologi-
cal solution. Additions of 1 wt.% of Sn and In are enough to reduce
the corrosion rate by a factor of 5 and 6, respectively. The addition
of 1 wt.% of Ga is even able to slow down the corrosion rate by one
order of magnitude. Gallium thus appears to be the most effective in
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Fig. 3. Fracture surfaces of the alloys after tensile tests: a) Mg, b) Mg-5Sn, c) Mg-4Ga, and d) Mg-3In (SEM).

terms of corrosion resistance. Further increase of LMMs concentrations
above 1 wt.% worsens the corrosion resistance. But in the case of Mg-In
alloys this change is relatively small. During immersion tests pH was
regularly measured (Fig. 4b). The highest increase in pH was observed
for pure Mg, compared to the lowest increase in pH for Mg-1Ga alloy.
The corrosion of magnesium is accompanied by pH increase. For this
reason it can be assumed that higher increase in pH is connected with
higher corrosion rate of alloy. In this case, based on the final pH values,
studied alloys are in the same order as in the case of corrosion rates.
LMMs used in our study are more noble than Mg (standard potentials
of Mg, Ga, In and Sn are —2.38V, —0.55V, —0.49V and +0.15V,
respectively [21]). For these reasons, corrosion potentials of Mg-LMMs
alloys are shifted to positive values in comparison with those of Mg
(Fig. 5). This shift is the most pronounced for the Mg-7Sn alloy, because
of the most noble nature of Sn from all the LMMs. Potentiodynamic
curves also demonstrate a reduction of anodic current density caused
by additions of Sn and Ga.

Corroded surfaces of selected alloys are illustrated in Fig. 6. Pure Mg
is covered by relatively massive corrosion products containing relative-
ly large (5-10 um) clusters of flake-like crystals (Fig. 6(a)). In contrast,
corrosion products on the Mg-LMMs alloys are thinner and more com-
pact (Fig. 6(b) to (d)). The most corrosion resistant Mg-1Ga alloy is cov-
ered by an almost flat layer of dense corrosion products which is only
locally broken by short cracks (Fig. 6(d)). The composition of corrosion
products was studied by different methods (EDS, XRD, XPS and GDS).
According to these measurements the corrosion products contained
magnesium and oxygen, low amount of Cl and main alloying element
in concentration that were similar with the as-cast state of the alloy.
For all of the studied alloys, any enrichment of surface layer caused by
alloying element was not observed. Diffraction analyses (not shown)
confirmed Mg(OH), (brucite). Detailed XPS spectra are showed in
Fig. 7. These results confirmed the presence of magnesium in the
form of hydroxide and oxide. Moreover tin, gallium and indium are
presented in the form of Sn0,, Ga,03 and In,03 respectively.
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Fig. 4. Corrosion rates of the investigated alloys in the simulated physiological solution
determined from the weight losses.

It is known that the corrosion process of magnesium based alloys
generally occurs via cathodic and anodic reactions given below:

Mg—Mg®" +2e~ (anodic reaction) (1)

2H,0 +2e” —H, + 20H™ (cathodic reaction) . (2)

Corrosion of magnesium is accompanied by hydrogen release. The
amount of hydrogen is proportional to the corrosion rate of magne-
sium or its alloys. One molecule of hydrogen gas is formed per one
atom of Mg, which is about 920 mm? H, generated by the degrada-
tion of 1 mg Mg. Therefore, measurement of hydrogen release is
used as other method to determine the corrosion rate. In fact, the
values of corrosion rate determined from hydrogen release are similar
as corrosion rates estimated from weight changes. Differences can be
observed if some particles such as intermetallic phases fall from the
surface during immersion tests. Degradation of magnesium and its
alloys generally results in considerable gas accumulations in the sur-
rounding tissue [22]. Gas bubbles are able to impede a good connec-
tivity of osteocytes with alloy. Besides disturbing the bone implant
connectivity, gas pocket can increase the inner mechanical pressure
near bone which can result in callus formation [23]. Moreover there
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is the potential for gas gangrene to occur [24]. The creation of hydro-
gen bubbles is influenced by diffusion and solubility coefficient of
hydrogen in biological tissue. The numerical value of diffusion coeffi-
cient depends on viscosity and tissue components or structures such
as lipids, proteins and glycosaminoglycans [25]. In any case, corrosion
rate of magnesium and its alloys should be sufficiently low in order to
avoid accumulation of hydrogen in the gas pockets.

Corrosion of magnesium is also accompanied by pH increase. A
local increase of pH near the surface leads to precipitation of solid
magnesium hydroxide on the surface:

Mg?*" + 20H™ —Mg(OH), (formation of a partially protective layer) . (3)

Although magnesium hydroxide may show a partial protective
effect against further corrosion, it is strongly attacked in the presence
of chloride anions to produce soluble compounds [26]:

Mg(OH), + CI~ —MgOHCl,4 + OH™
(adsorption of chlorides on the hydroxide layer)

(4)

MgOHCl,y—Mg®" + OH™ +CI~ (dissolution of hydroxide layer) -(5)

The observed incorporation of Sn", Ga™ and In" atoms in the
Mg(OH), lattice (Fig. 7) apparently slows down the corrosion process
given by Egs. (1)-(5), as is indicated by Figs. 4 and 6. The positive
effects of LMMs on the corrosion resistance can be explained on the
following basis:

1. According to the Pourbaix E-pH diagrams of Sn, Ga, In and Mg [27],
Sn0,, Ga,05 and also In,03 oxides are thermodynamically stable in
significantly broader ranges of pH than Mg(OH),. Therefore, mixed
Mg(OH),-LMM oxide (and perhaps hydroxide) layers are more
stable than pure Mg(OH),.

2. Dissolution of the surface layer is suppressed by LMMs because the
solubility product (Ks) of Mg(OH) is higher than those of LMM ox-
ides and hydroxides by many orders of magnitude [28]. Mixed
Mg(OH),-LMM oxide (hydroxide) layers thus represent more effi-
cient barriers against corrosion than pure Mg(OH),.

3. Incorporation of Sn, Ga and In atoms whose oxidation states are
higher than that of Mg in the Mg(OH), lattice (Fig. 7) locally
increases positive charge in the brucite lattice. This increase is
balanced by the interaction of LMM atoms with adsorbed harmful

100

-
o

0.1

j [mA/cm?]

0.01

Ll

0.001

0.0001 T I T I T l T I T

Fig. 5. Potentiodynamic curves of the investigated alloys.
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Fig. 6. Corroded surfaces of the investigated alloys after immersion tests (SEM): a) Mg, b) Mg-1Sn, ¢) Mg-1In, and d) Mg-1Ga.

Cl~ anions (Eq. (4)) which slows down the penetration of Cl~
deeper into the hydroxide layer. Consequently, dissolution of hy-
droxide layer given by Eq. (5) is inhibited.

4. Tin and gallium are known to exhibit high hydrogen overpotentials
[12,26], therefore, they inhibit the cathodic reaction given by
Eq. (2). A similar effect may be expected for indium.

It was stated before that the increase of LMM concentrations
above 1% leads to an increase of the corrosion rate (Fig. 4). This is
caused by an increase of galvanic corrosion due to Mg,Sn and
MgsGa, phases which are cathodic to magnesium [21,26]. A similar
finding was reported recently for Mg-Sn alloys by Liu et al. [26]
who demonstrated a direct relationship between the volume fraction
of Mg,Sn phase and the corrosion rate. Fig. 8 confirms that the corro-
sion attack occurs most rapidly in the vicinity of cathodic phases. By
an increase of Sn and Ga contents, the number of fast attacked sites
increases. In the case of Mg-In alloys, the increase of corrosion rate
due to addition of In above 1% is not significant, because of the

absence of eutectic phases (Fig. 1). For this reason the appearance
of corroded surfaces of Mg-1In and Mg-7In alloys is similar. Due to
a less noble nature of gallium as compared to tin and due to a lower
content of Ga in the intermetallic phase, the galvanic corrosion is
more pronounced in the Mg-Sn alloys than in the Mg-Ga alloys.
This may be a reason for the best corrosion performance of the Mg-1Ga
alloy (Fig. 4).

3.4. Cytotoxicity

Table 4 lists the element concentrations in both the original and
diluted extracts used for cytotoxicity tests. It is observed that the
amounts of released Ga and In are relatively low in comparison with
Sn. It is in accordance with a higher corrosion rate of the Mg-Sn alloy
(Fig. 4).

Fig. 9 illustrates the cytotoxic effect of the extracts and their dilu-
tions on the U-2 OS cells, expressed as the percent absorbance of
the DMEM control. Results obtained confirm the known fact that Mg
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Fig. 7. Detailed XPS spectra of corroded Mg-1Sn and Mg-1Ga alloys.

is well tolerated by human cell lines. Even at concentrations of
160x 10> ng/ml of total Mg in the extract the cells were fully viable.
The Mg-1Ga alloy did not show acute toxicity at the highest concentra-
tion of 640 ng/ml, but after 5 days of incubation, the metabolic activity
was comparable to the phenol control. The toxic effect of Ga seems to
drop rapidly after the twofold dilution (310 ng/ml of total Ga), because
75% of the cells were viable after 5 days. The dilution of 1:15 was also
very well tolerated. Regarding the Mg-1Sn alloy, a relatively high con-
centration of Sn in the original extract (2520 ng/ml) causes a severe
toxic effect on the cells. After twofold dilution of the original extract
to a Sn concentration of 1310 ng/ml the cell activity is also very low.
But when the Sn amount decreases to 163 ng/ml the cells remain viable
even after 5 days similarly to the control. In the case of the Mg-1In
alloy, the maximum concentration of total In in the original extract
was 164 ng/ml, but even at this concentration, the toxic effect is rather
dramatic. It suggests that In shows a significantly higher toxicity to cells
than tin. The viability comparable to the control was reached only at the
minimum In concentration of 12 ng/ml. The above results indicate that
the cytotoxic effects of LMMs on the U-2 OS cells increase from Ga to Sn
and to In.

4. Conclusions

Mg-Sn, Mg-Ga and Mg-In alloys were studied in the context to bio-
degradable metallic implants potentially applicable in osteosynthesis.
Sufficient hardness, strength, toughness, corrosion resistance and bio-
compatibility are the most important characteristics of these implants.
The results obtained in our study indicate that alloying with indium is
not favorable, because the effect of this element on mechanical proper-
ties is small. Moreover, indium shows the most severe toxic effect on os-
teosarcoma cells from all the low-melting metals studied. In contrast,
our study shows that the addition of a low amount of gallium is the
most effective to improve the above characteristics. For this reason,
Mg-Ga alloys seem to be the most prospective for biodegradable im-
plants. But, in contrast to tin, a problem arises from a lack of information
on long-term health effect of gallium. Therefore, further extensive stud-
ies devoted to the biocompatibility of Mg-Ga-based alloys are needed.
Another problem with Mg-Ga alloys is a high cost of metallic gallium.
It was shown in this study that the effects of tin on strength, hardness
and corrosion resistance are weaker than those of gallium. Moreover,
tin has a more toxic effect on osteosarcoma cells than gallium. But the
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Table 4

Element concentrations (ng/ml) in extracts used for cytotoxicity tests.
Alloy Mg Mg-1 Ga Mg-1In Mg-1Sn
Element Mg Mg Ga Mg In Mg Sn

Concentration in  160x10% 121x10° 640 144x10> 164 455x10° 2520
the original
extract

Concentration in ~ 75x10> 65x10°® 310 80x10°> 87 70x10° 1310
the twofold
diluted extract
Concentration in ~ 12x10*  9x10®° 45 11x10®° 12 28x10®° 163

the fifteen fold
diluted extract

Lo DMEM Mg-1In
= Mg Mg-1Sn
Mg-1Ga phenol

% of the control

Fig. 9. The cytotoxic effects of the extracts and their dilutions on the U-2 OS cells,
expressed as the percent absorbance of the DMEM control.

advantage of Mg-Sn alloys is in a lower cost of tin. Mg-Sn-based biode-
gradable alloys are thus still a subject of extensive studies.
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ABSTRACT

An interest in biodegradable metallic materials has been increasing in the last two decades. Besides magnesium
based materials, iron-manganese alloys have been considered as possible candidates for fabrication of biodegrad-
able stents and orthopedic implants. In this study, we prepared a hot forged FeMn30 (wt.%) alloy and investigat-
ed its microstructural, mechanical and corrosion characteristics as well as cytotoxicity towards mouse L 929
fibroblasts. The obtained results were compared with those of iron. The FeMn30 alloy was composed of antifer-
romagnetic y-austenite and e-martensite phases and possessed better mechanical properties than iron and even
that of 316L steel. The potentiodynamic measurements in simulated body fluids showed that alloying with man-
ganese lowered the free corrosion potential and enhanced the corrosion rate, compared to iron. On the other
hand, the corrosion rate of FeMn30 obtained by a semi-static immersion test was significantly lower than that
of iron, most likely due to a higher degree of alkalization in sample surrounding. The presence of manganese in
the alloy slightly enhanced toxicity towards the L 929 cells; however, the toxicity did not exceed the allowed
limit and FeMn30 alloy fulfilled the requirements of the ISO 10993-5 standard.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The idea of biodegradable metallic implants has been resurrected at
the end of the 20th century [1-3]. Namely, magnesium based materials
have been investigated very extensively as candidates for orthopedic
implants and cardiovascular stents. As a result of various investigations,
the German company Syntellix AG introduced to the market a new bio-
degradable and bioresorbable material called Magnezix®. This material
is based on the Mg-Y-RE-Zr system and is used for fabrication of screws
intended for temporary fixation of small bones [1,4]. Even though a lot
of other types of magnesium based materials have been tested in vivo
[1,2,5-8]; to the best of our knowledge, none of them have been suc-
cessfully used in the clinical practice.

With respect to the mechanical properties, iron based alloys seem to
be more suitable for some types of implants, especially cardiovascular
stents or porous orthopedic implants [9]. Iron also belongs to essential
elements of human body and is necessary for proper functions of en-
zymes and oxygen transport [10-12]. In contrast to magnesium alloys,
corrosion of iron in body fluids is significantly slower, is not connected
with hydrogen evolution and dramatic increase of pH [13,14]. On the
other hand, excess of iron in human body may cause heart, joint, liver,
pancreas and nervous system diseases. Some in vitro cytotoxicity
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studies suggest that iron may be problematic in higher concentration
[14], but majority of studies concerned with degradable iron proved
its acceptable non-toxicity at concentrations reached in these systems
[13,15]. This was confirmed by in vivo studies on pure iron and some
iron alloys which were used as stents and orthopedic implants; there-
fore, iron has been predicted as a promising candidate for biodegradable
material [16-21].

Insufficient degradation rate and ferromagnetic behavior of pure
iron are more serious issues preventing its use as biodegradable im-
plantable material [5,13,19,21-24]. Due to the low degradation rate,
the implants may cause the same problem as stents fabricated from a
bioinert material (e.g. 316L steel); moreover, ferromagnetic behavior
is not compatible with magnetic resonance imaging (MRI), which is
an useful diagnostic method for many diseases [5,20,24]. When iron oc-
curs in the face-centered cubic (fcc), usually called austenitic, structure,
it becomes antiferromagnetic. Alloying by a sufficient amount of nickel
or manganese allows stabilization of the austenitic structure to room
temperature [20,23,25]. Nickel is a strong allergen and it is also
suspected as a carcinogen making it unusable as an alloying element
for biodegradable materials [20,25,26]. In contrast to nickel, manganese
is a trace element of human body and acts as a cofactor of many en-
zymes [20,27,28]. The austenitic structure is stabilized by approximate-
ly 30 wt.% of manganese, although hexagonal (hcp) e-martensite can
form as a stress-induced phase in the Fe-Mn system. The formation of
this phase is not necessarily undesirable because it is antiferromagnetic
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and may enhance mechanical properties as well as degradation rate [23,
24,29-31]. The in vitro and in vivo studies performed on Fe-Mn alloys
showed their applicability, despite the fact that manganese can be
toxic in excessive amount. Moreover, the Fe-Mn based alloys possess
mechanical properties comparable to those of the stainless steel 316L,
whose mechanical behavior is considered as ideal for stent fabrication.
Alloying with manganese also shifts the corrosion potential of iron to
lower values making it less noble and many studies have indicated
that the Fe—-Mn based alloys degraded faster than pure iron in vitro
[19,24,32]. Degradation rate of such alloys can be further enhanced by
an addition of other elements, for example palladium or silicon; more-
over, alloying with these elements enhanced mechanical properties as
well [17,19,20,24,32,33].

In this study, a wrought FeMn30(wt.%) alloy was prepared as a suit-
able semi-product for potential manufacturing of stents or fixation
screws. The microstructure, mechanical and corrosion behavior as
well as in vitro cytotoxicity were investigated. The studied characteris-
tics were compared with those of wrought iron with commercial purity
to evaluate the influence of Mn on mechanical, chemical and biological
characteristics.

2. Experimental
2.1. Material preparation

The FeMn30(wt.%) alloy was prepared by induction melting of ap-
propriate amounts of elemental iron and manganese. Melting was per-
formed in a silica crucible under an argon atmosphere and the melt was
cast into a sand cylindrical mold with a diameter of 80 mm. After cooling
the ingot was heated to 850 °C and open-die drop forged to a rod of
squared cross-section with a side of 20 mm. The rod was mechanically
machined and cut into shapes required for the particular tests and
measurements.

The wrought iron (Fe) was obtained from a supplier in a form of
cylindrical rods with a diameter of 16 mm. Its chemical composition
declared by the supplier is shown in Table 1.

2.2. Microstructure

Few millimeters thick flat pieces were cut from the wrought rods
using a metallographic saw with a diamond blade. Subsequently, the
samples were grinded using SiC grinding papers P120-P4000, ultrason-
ically cleaned in ethanol, mechanically polished on a diamond paste
(particle size < 1 pm) and finally polished using colloidal silica. After
polishing, the samples were ultrasonically cleaned and etched in order
to remove Beilby layer and reveal microstructure. The FeMn30 alloy
was etched in Viella's reagent (100 ml of ethanol, 5 ml of hydrochloric
and 1 g of picric acid) and the iron in picral (saturated solution of picric
acid in ethanol). Phase composition was investigated by the X-ray dif-
fraction method using a PANalytical X'Pert PRO X-ray diffractometer
equipped with a Cu anode (XRD) and microstructure was documented
by light and scanning electron microscopy using an OLYMPUS PME3
light metallographic microscope (LM) and a TESCAN VEGA-3 LMU scan-
ning electron microscope (SEM), respectively.

2.3. Mechanical properties
Tensile and compression tests were performed using a LabTest
5.250SP1-VM universal loading machine at room temperature and the

engineering stress-strain curves were recorded. For both tests, the

Table 1
Chemical composition of wrought Fe.

Table 2

Ionic composition of SBF and DMEM (Sigma-Aldrich, cat. no. D0819). SBF was buffered
with Tris-HCl and was preserved with 0.1% NaN3;. DMEM contains also amino acids,
vitamins, glucose (4.5 g/1) and 5% FBS (fetal bovine serum) was added.

lon/Concentration Na® K* Ca?t Mg?* Cl=  HPO3~ HCO3 SO%~
[mmol/1]

SBF 1420 5.0 25 1.0 109.0 1.0 27.0 1.0
DMEM 1245 54 1.8 0.8 898 0.9 44,0 0.8

samples were cylindrical shaped and their dimensions (diameter x
length) were 4 x 25 mm and 10 x 15 mm for tensile and compression
tests, respectively. The deformation rates were 1 mm/min for both
tests. Three samples of each material were used in each test, yield and
ultimate strengths were determined from the obtained tensile and com-
pressive stress—strain curves and average values and standard devia-
tions were calculated from the obtained data. The fracture surfaces
obtained by the tensile tests were observed by SEM. One FeMn30 sam-
ple was longitudinally cut after the compression test. Then it was sub-
jected to the metallographic investigation in the same way as
described in Section 2.2 in order to observe differences in microstruc-
ture before and after loading. Hardness was measured by the Brinell
method using a load of 62.5 kg and a WC indentor with a diameter of
2.5 mm; 10 measurements were done for each sample and average
values and standard deviations were calculated.

24. In vitro corrosion behavior

Disk samples with a diameter of 10 mm and a thickness of 2 mm for
corrosion tests were cut and grinded using SiC grinding papers P120-
P2500, ultrasonically cleaned in ethanol, dried by flowing hot air and
weighed using an analytical balance. All corrosion investigations were
conducted at a temperature of 37 °C.

24.1. Potentiodynamic test

Potentiodynamic tests were performed using a Gammry reference
600 system. Simulated body fluid (SBF) prepared according to Miiller
(ionic composition shown in Table 2) buffered with Tris-HCl with initial
pH 7.4 and preserved with NaN3 was chosen as the corrosion environ-
ment and a rounded area of 1 cm? was exposed to the corrosion medi-
um. A platinum wire was used as a counter electrode and a silver
chloride electrode (ACIE) as a reference electrode. Firstly, the free corro-
sion potential was stabilized for a time period of 1 h; subsequently, the
sample was polarized (1 mV/s). Corrosion rates were determined from
Tafel slopes.

24.1.1. Long-term immersion test. Immersion tests were performed in a
semi-static regime. One sample of each material was immersed in SBF
(see Table 2) for 10 weeks at 37 °C. The used volume of corrosion medi-
um was 150 ml per 1 cm? of the sample surface. The medium was re-
placed by new one every week.

2.4.1.2. Immersion test at physiological conditions. In vitro immersion tests
were also performed at conditions mimicking physiological situation (in
CO, atmosphere). Tests were performed in 24-well plate in order to es-
tablish the system, which could be used for direct in vitro cytotoxicity
testing in the future. Two samples of each type were firstly sterilized
in hot air (180 °C) for 2 h and then submersed into Dulbecco's modified
Eagle's medium (DMEM, Sigma-Aldrich, cat. no. D0819, ionic concentra-
tions are shown in Table 2) and SBF (see Table 2) for 2 weeks at 37 °Cin

Element C Mn Si P S Cu Cr

Ni Al \ Nb Zr N Fe

Amount (Wt.%) 0.040 0.41 0.03 0.018 0.023 0.05 0.071

0.032 <0.010 <0.004 <0.003 <0.002 <0.0088 Balance
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Fig. 1. XRD patters of studied samples.

5% CO, atmosphere with surface to volume ratio of 1.1 ml per 1 cm? The
medium was replaced by new one after 1 week.

2.4.2. Corrosion rate evaluation

After both immersion tests, ion release into the solution was mea-
sured after 2 and 10 weeks of exposition by Inductively coupled plasma
mass spectrometry (ICP-MS) using a Perkin Elmer Elan 6000 spectrom-
eter (three measurements for each sample). Prior to the measurement,
ultrapure HNO3 was added to the extracts in order to dissolve majority
of solid corrosion products. After the expositions, samples were rinsed
by distilled water, ethanol and dried by flowing hot air. The corrosion

700

Fe

eee-- FeMn30 e,
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o711
0 10 20 30 40 50 60 70 80 90 100
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Fig. 3. Tensile stress-strain curves.

products were chemically removed according to ISO 8407 using Clark
solution (100 ml HCl, 5 g SnCl, and 2 g Sb,03) and samples were rinsed
and dried in the same way as after exposition. Subsequently the samples
were weighed and corrosion rates were calculated from the mass
losses. The corrosion products were documented and analyzed using
SEM equipped with an Oxford Instruments INCA 350 EDX analyzer
(SEM-EDX).

2.4.3. In vitro cytotoxicity

In vitro cytotoxicity was tested using indirect test evaluated by WST-
1 assay according to ISO 10993-5 standard. Disk samples with a
diameter of 10 mm and thickness of 2 mm were firstly sterilized in hot
air (180 °C) for 2 h. Subsequently, each sample was exposed to 2.5 ml
of Eagle's minimum essential medium (MEM) with an addition of 5%
of fetal bovine serum (FBS) for 1 day at a temperature of 37 °C on an
orbital shaker at 125 RPM. Three samples from each type (Fe and
FeMn30) were used. Meanwhile, L929 cells (murine fibroblasts, ATCC®
CCL-1™) were seeded into 96-well plates (100 pl/well) in density of
1 x 10° cells/ml and incubated at 37 °C for 24 h in MEM + 10% FBS to
allow cell adhesion. Thereafter, the medium was replaced by the extracts
in MEM medium with 5% FBS. Concentrated extracts and 50% extracts dilut-
ed with fresh cultivation medium were used and MEM with 5% FBS was
used as a negative control. After 24 h incubation with the extracts, the
cells were washed with phosphate buffer saline (PBS) and incubated with
WST-1 reagent (5% WST-1 in MEM without phenol red) for 4 h. The yellow
formazan product created by metabolic reduction was photometrically
quantified using an ELISA reader at the absorption wavelength 450 nm.
Cytotoxic effect was depicted as a decrease in metabolic activity compared
to the negative control. Cytotoxic measurement was done in six replicates
for each sample. Metabolic activity 70% of the control was taken as a
minimum value of cytocompatibility.

Fig. 2. Microstructures (LM) of a) Fe and b) FeMn30 alloy.
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Table 3
Mechanical characteristics of the studied materials.
Sample/Property  TYS UTS Tensile rupture  CYS HBW
[MPa] [MPa] elongation [%] [MPa]
Fe 299 +£11 372418 5743 44146  96+1
FeMn30 242 +14 632412 9446 413 +£7 17547

3. Results and discussions
3.1. Microstructure

3.1.1. Mechanical properties

Fig. 1 shows the XRD patterns of the studied materials. According to
the XRD analysis, the Fe sample consisted mainly of a-ferrite (bcc struc-
ture). The FeMn30 alloy consisted of austenite (y, fcc structure) and
hexagonal martensite (&, hcp structure). These phases are also observ-
able in micrographs shown in Fig. 2. In the case of Fe, cementite was
found beside a-ferrite by metallographic investigation. Cementite was
not detected by XRD (Fig. 1) because its content in Fe was under the de-
tection limit of XRD. Cementite occurred in a lamellar structure as a part
of paerlite (marked by black arrows in Fig. 2a) and as tertiary cementite
precipitated at grain boundaries (marked by white arrows in Fig. 2a).
The FeMn30 alloy consisted of austenitic grains (marked by black
arrow in Fig. 2b) in which needles of e-martensite were observed
(marked by white arrows in Fig. 2b).

3.1.2. Tensile test

Fig. 3 shows the tensile stress-strain curves and the values of select-
ed tensile characteristics are listed in Table 3. Substantial differences in
tensile behavior of the studied materials were observed. The FeMn30
alloy possessed slightly lower modulus of elasticity, lower tensile yield
strength (TYS) and significantly higher ultimate tensile strength (UTS)
than Fe. In the case of Fe, TYS was determined as the peak at the end
of the elastic (linear) part of the stress-strain curve. Such peak is typical
for alloys containing interstitial alloying elements or impurities and is
caused by dislocation escaping from Cottrell atmospheres. Because no
decrease of stress after linear deformation took place during deforma-
tion of the FeMn30 alloy, TYS was determined as the stress at 0.2% of
plastic deformation (proof stress). The curves of both materials
(Fig. 3) contain regions of plastic deformation and the plastic deforma-
tion is connected with strain hardening. The region of strain hardening
is significantly larger in the case of the FeMn30 alloy, whose deforma-
tion finished in this stage at a rupture elongation about 90%. Fe was
strain hardened to a lower extent; however, the engineering stress de-
creased after reaching UTS suggesting that necking took place before
the rupture at an elongation of approximately 55%. The significantly
higher strain hardening, UTS and rupture elongation of the FeMn30
alloy can be explained by the stress induced phase transformation of
austenite to e-martensite. This is also connected with twinning, which
leads to a large elongation at the rupture [34-36]. Moreover, &-
martensite belongs to the hexagonal closed packed (hcp) phases; there-
fore it possesses significantly less slip systems than Fe (bcc structure).

Fig. 4. Fracture surfaces of Fe (a, c) and FeMn30 (b, d).
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Fig. 5. Compressive stress-strain curves.

As a consequence almost no necking (i.e. the decrease of engineering
stress after UTS reaching) takes place during its deformation as a
consequence.

The statements above were confirmed by SEM observation of frac-
ture surfaces (Fig. 4). At low magnification, significant necking is clearly
visible on the fracture surface of Fe (Fig. 4a); while in the case of the
FeMn30 alloy, no distinctive necking is observed (Fig. 4b). At higher
magnification (Fig. 4c and d) a lot of dimples are observed suggesting
that the crack growth was accompanied by plastic deformation. These
observations are in a good agreement with the high elongation of both
materials.

3.1.3. Compressive test

Fig. 5 shows compressive stress-strain curves of the studied sam-
ples. The tests were canceled before rupture because the used forces
were close to the machine limit. The trend in compressive behavior
was similar to that in tension—Fe possesses slightly higher modulus of
elasticity and compressive yield strength (CYS) than the FeMn30 alloy
(see Table 3). As in the tensile stress-strain curves the strain hardening
of the FeMn30 alloy was higher than that of Fe. To confirm the assump-
tion that the hardening is caused by the phase transformation of austen-
ite to e-martensite, the microstructure of the FeMn30 alloy was studied
after the compression test (see Fig. 6).

It is obvious in Fig. 6 that significantly higher amount of martensite
was present in the microstructure of the sample after the compression
test than in that of the noncompressed one (Fig. 2). As indicated before,
the substantial strain hardening is caused by the formation of hexagonal
e-martensite with limited number of slip systems.
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Fig. 7. Potentiodynamic curves of the studied samples.

3.14. Hardness

FeMn30 was almost two times harder than Fe (see Table 3). This
may be explained by the differences in phase composition of the alloys.
The content of cementite in the Fe sample was very small (Fig. 2); there-
fore, its hardening effect was weak. On the other hand, the FeMn30 alloy
contained relatively large amount of e-martensite, which is relatively
hard phase due to a limited number of slip systems [24]. The presence
of this phase and the &/y phase boundaries significantly hardened the
material. Moreover, the indentation causes the phase transformation
from a relatively soft austenite to a hard martensite (Fig. 6) and this
transformation consumes a lot of energy inserted by the loading.

3.2. In vitro corrosion behavior

3.2.1. Potentiodynamic test

The potentiodynamic curves plotted in Fig. 7 and corrosion parame-
ters given in Table 4 show that Fe behaved as a nobler material compared
to FeMn30. This observation is in a good agreement with the majority of
available literature data concerned on this topic. Table 4 also illustrates
that the corrosion rate of the FeMn30 alloy obtained from Tafel extrapola-
tion was almost 20 times higher than that of Fe (0.899 vs. 0.041 mm/
a—see Table 4). Both materials corroded in passivity at potentials typical
for body environment [37]. The potentiodynamic curves also suggest
that FeMn30 possessed higher current density (i.e. corrosion rate) than
Fe in the passive region suggesting that FeMn30 would corrode faster
under physiological conditions. Moreover, no pitting was observed during
the potentiodynamic tests of both materials. FeMn30 showed higher cor-
rosion current density (Icorr = 7.6-107> A/cm?) compared to 316L stain-
less steel (Icorr = 3.5-107% A/cm?) studied by Motalebi et al. [38]. This
suggests that FeMn30 may possess corrosion properties suitable for appli-
cation as possible biodegradable material.

3.2.2. Immersion test

The results of immersion test are plotted in Fig. 8 and listed in
Table 5. The relative mass losses were slightly higher than relative ion
releases. It is because a portion of ions was retained in the form of
solid corrosion products. In Fig. 8 and Table 5, it is also obvious that
the corrosion rate in SBF was slightly higher after 10 weeks than after
2 weeks. We are aware of the fact that measurements were not

Fig. 6. Microstructure of the FeMn30 alloy after compression test (LM).

Table 4

Results of potentiodynamic test.
Sample/Characteristic ~ Ecorr [MV vS. ACIE]  Veorr [mg/cm?/day]  Veorr [mm/a]
Fe —678.0 0.087 0.041
FeMn30 —809.7 1.891 0.899
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conducted at the same conditions. Nevertheless, we could suppose that
the difference was also caused by a localized corrosion under solid cor-
rosion products. Localized forms of corrosion (e.g. pitting and crevice
corrosion) become usually more evident after longer exposition times
when solid corrosion products are formed and aggressive ions as chlo-
rides are present in the corrosion medium [39]. Contrary to the potenti-
odynamic measurements, corrosion rates of the FeMn30 alloy obtained
by the immersion tests were lower than those of Fe in both corrosion
media (SBF and DMEM). Moreover, the corrosion rates obtained by
the immersion tests were different than those, especially in case of
FeMn30, obtained by Tafel extrapolation (Table 4). The corrosion rates
obtained by the immersion tests were different because the access of
corrosion medium to the sample surface was strongly limited by the
solid corrosion products. On the other hand, the partially protective cor-
rosion products did not form during the potentiodynamic measure-
ments because the exposition time was not sufficient to change the
chemistry of corrosion media (composition and pH) significantly,
which would be necessary to induce the formation of protective
compounds.

Figs 9 and 10 show SEM images, X-ray elemental maps and EDX
spectra of the samples after 10 weeks of immersion in SBF. In these pic-
tures one can see that the corrosion products were rich in O and that
they also contained Na, Ca and P. It can be thus assumed that the corro-
sion products consisted of hydrated iron and iron-manganese oxides;
moreover, they also contained precipitates rich in Ca and P, which
could be beneficial for orthopedic applications, where formation of
CaP layers is desirable since it can enhance bone formation [40]. The cor-
rosion products detached from the surface locally; therefore, we were
able to observe their layered structure and estimate elemental distribu-
tion in these layers using EDX. In the X-ray elemental maps (Figs. 9 and
10), it is obvious that oxygen is distributed homogenously through the
corrosion products and low concentration of phosphorus was detected
in the corrosion products (see EDX spectra and quantitative analyses
in Figs. 9 and 10). The external surface layer was rich in calcium and
enriched in manganese (in the case of FeMn30); whereas the layer ad-
jacent to the metal was rich in Fe. Small amount of manganese was also
detected by the EDS analysis of Fe after the immersion test; this was be-
cause the sample contained 0.41 wt.% of manganese (see Table 1).
Compared to FeMn30, no significant influence of such negligible
amount of manganese on material properties can be supposed. As will
be given below, the fact that manganese accumulates in the outer sur-
face layer may cause a higher pH increase in the vicinity of the sample
surface. This may inhibit the corrosion process of the FeMn30 alloy dur-
ing the immersion tests.
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Table 5

Corrosion rate [mmy/year] calculated from mass loss after the immersion tests.
Corrosion rate [mmy/year] Two weeks Ten weeks
Iron SBF 0.082 0.101
Fe30Mn SBF 0.019 0.028
Iron DMEM 0.060 N/A
Fe30Mn DMEM 0.035 N/A

The fact that the corrosion rate of FeMn30 obtained by immersion
test was lower than that of Fe may be explained by different pH changes
at the sample surface. As indicated in Figs. 9 and 10, the corrosion prod-
ucts contained mainly hydrated Fe and Mn oxides and hydroxides. By
comparing the solubility of these compounds (Table 6), one can see
that manganese hydroxide is much more soluble than iron hydroxides
[41]. Therefore, the pH of corrosion medium in contact with the sample
surface tends to be higher when the alloy contains high amount of man-
ganese. Consequently, the higher pH slows the corrosion process by
slowing down the cathodic reaction (R1).

0, +2H,0 + 4¢” »40H" (R1)

The increase in pH also influences composition of corrosion prod-
ucts. At lower pH, iron is oxidized forming ferrous ions (R2); after
they exceed solubility limit, ferrous hydroxide is formed by the reaction
with hydroxyl anions (R3) [42].

Fe—Fe*t + 2e~ (R2)

Fe** + 20H —Fe(OH), (R3)

At higher pH, ferrous hydroxide is oxidized forming ferric oxide
(R4). In anoxic and alkali environment, iron is oxidized by water
forming magnetite (R5) [42]. Anoxic environment can occur under cor-
rosion products after longer exposition times because the corrosion
products strongly limit oxygen transport to the metal surface. Magnetite
formed under such conditions is dense and acts as a passive layer and
slows the corrosion process [42].

2F€(OH)2 + 20H —Fe,05-H,0 + 2H,0 + 2e~ (R4)

3Fe + 4H,0—Fe;0, + SH' + 8¢~ (R5)

Similar difference between potentiodynamic and immersion corro-
sion measurements of Fe and FeMn30 was also observed by Liu et al.
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Fig. 8. lon release [mg/cm?/day] vs. exposition time after immersion tests calculated from released ions (a) and mass losses (b).
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[19]; although, they accounted this behavior to a different distribution
of the corrosion products through the surface [19]. In our study we did
not observe any significant differences in the distribution of corrosion
products (see Figs. 9 and 10); therefore, we favor the explanation that
pH differences cause the observed differences in corrosion behavior of
Fe and FeMn30. To support this assumption, we also tried to measure
pH of the corrosion media. However, no significant changes were ob-
served due to the buffer capacity of SBF and DMEM in the whole vol-
ume. For this reason, we immersed Fe and FeMn30 samples in an
unbuffered simulated physiological solution (9 g/l NaCl) and measured
evolution of pH during 1 week. The initial pH of the solution was 5.7 and
after 1 day of exposition it increased to 5.8 and 7.1 in the case of Fe and
FeMn30, respectively. The pH changes in other days were negligible
compared to the increase in the first day. These results support our as-
sumption that corrosion of the FeMn30 alloy significantly increases pH
of corrosion medium in contact with the alloy surface and influences
the corrosion process [43]. In the whole volume of buffered medium,
such increase is not detected.

The assumption, that pH increases in the vicinity of FeMn30 surface
and its corrosion rate is slowed compared to pure iron during the
semistatic test, is supported by the fact that Liu at. al. obtained similar
results by a static immersion test [19], while Hermawan et al., who

performed dynamic immersion tests [20,24], found that FeMn alloys
corrode faster than pure Fe. The flowing environment most likely en-
sures a displacement of dissolved corrosion products and an intake of
fresh corrosion medium. This prevents to changes in composition of
the environment in surface vicinity and corrosion mechanisms during
long term testing. Consequently, this leads to different results compared
to static tests. Based on the comparison between our study and the
study of Liu et al. [19], where semi-static or static immersion tests
were used, and by Hermawan et al. [20,24], where dynamic immersion
tests were performed, we can suggest that alloying with manganese is
more suitable for implants exposed flowing medium (e.g. stents) rather
than for orthopedic implants, where the movement of the corrosion
medium and access of oxygen is limited. The same conclusion is indicat-
ed by Kraus et al. [18] who reported the results of their in vivo study.

3.3. In vitro cytotoxicity

Fig. 11 shows the metabolic activity of L 929 cells after 1-day incuba-
tion with the diluted (50%) and non-diluted extracts of both samples.
In the figure it is obvious that pure Fe was non-toxic, as the metabolic
activity of L 929 cells in Fe extract was equal to the control (sole cultiva-
tion medium). We could observe slight decrease in the metabolic
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Fig. 9. SEM image, X-ray elemental maps and EDX spectrum of the corroded surface of Fe after 10 weeks of immersion in SBF.
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Fig. 10. SEM image, X-ray elemental maps and EDX spectrum of the corroded surface of FeMn30 after 10 weeks of immersion in SBF.

activity in the case of the extracts of the FeMn30 alloy (90% of the con-
trol), which was probably caused by released Mn ions. Nevertheless,
this value is still significantly higher than the standard limit of 70%
below which an extract is considered toxic. The concentration of released
Fe ions in the extracts was 19.6 4 7.5 pug/ml (351 £ 134 pmol/l) and
9.7 + 1.1 pg/ml (175 4 19 umol/1) for Fe and FeMn30, respectively. The
cell response to these concentrations of iron is in a good agreement
with the data of other authors: Zhu et al. [44] observed no cytotoxic effect
of iron on human endothelial cells after one day, when the concentration
of iron was below 50 pg/ml and Hallab determined LCs, for osteoblast-like
cells MG-63 to be approximately 300 umol/1 [14].

Concentration of released Mn ions in the extracts of FeMn30 was
4.6 4+ 0.6 ug/ml (82 + 11 pmol/1). We assume that sensitivity to manga-
nese is probably strongly cell type dependent: when normal human
lung epithelial cells were used, concentration of Mn above 20 pmol/l
was cytotoxic after two days [45], whereas mouse brain cells tolerated
concentration of Mn up to 200 pmol/l when measured after 24 h [46].

Table 6
Solubility product constants of probable corrosion products at 25 °C [41].

Hydroxide Solubility product constant
Mn(OH), 1.6-10713
Fe(OH), 7.9-1071¢
Fe(OH); 1.6-107%

Also Schinhammer observed adverse effect of Mn on HUVEC when the
concentration was higher than 500 pmol/1 after 2 days [15].

These preliminary cytotoxicity results indicate that FeMn30 alloy
would meet the requirements dictated by the ISO 10993-5 standard
[47]. Fe-Mn based alloys have been found as suitable in several
in vitro studies [15,20] as well as in the in vivo study performed by
Kraus et al. [18].

4. Conclusion

In this study, the hot-forged FeMn30(wt.%) alloy was studied as a
potential biodegradable material for orthopedic applications. Micro-
structural characteristics, mechanical and in vitro corrosion behavior
and in vitro cytotoxicity of the alloy to L 929 cells were studied and com-
pared with those of Fe. The FeMn30 alloy consisted of y-austenitic and
e-martensitic phases. It possessed better mechanical properties than
Fe and even better than 316L stainless steel, which is the most common-
ly used biomaterial. The potentiodynamic measurements showed that
alloying by manganese shifts the free corrosion potential to the less
noble values and increases the corrosion rate in the initial stage of the
corrosion process. Contrary to the results of potentiodynamic tests,
semi-static immersion tests showed that the FeMn30 alloy corroded
more slowly than Fe which was attributed to a local increase of pH in
surface surrounding due to a higher solubility of manganese hydroxide
compared to iron hydroxides. The extracts of FeMn30 were slightly
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Fig. 11. Left Y-axis: percent of the metabolic activity of L 929 cells after 1 day of exposition to the extracts (100% undiluted and 50% diluted extract) compared to the control (sole cultivation
medium). Right Y-axis: concentration of released Fe and Mn ions in extracts [umol/l] measured by ICP-MS Three samples from each type (Fe and FeMn30) were used. Error bars represent

SSD. Black line indicates the cytotoxicity limit according to ISO 10993-5 standard.

more toxic than those of iron; however, metabolic activity of L 929 cells
was still above the tolerable 70% limit. Based on the results obtained in
this work and results obtained by other authors we can also conclude
that the FeMn30 alloy may possess good cytocompatibility. It also
achieves sufficient mechanical properties but the main drawback lies
in too low degradation rate for the use as a biodegradable material.
The degradation rate should be significantly enhanced, most likely by
alloying with other elements, and this is the topic of our future studies.
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1. Introduction

The use of metallic biodegradable implants represents an innovative
approach in orthopedic or cardiovascular surgical applications. The
main advantages of metallic biodegradable materials over polymers
(PLA) and ceramics (HA) are significantly higher strength, hardness,
wear resistance and fracture toughness. Most widely studied biode-
gradable metals include magnesium and iron [1-7]. Although biode-
gradable magnesium implants for bone fixations have recently been
commercially introduced by Syntellix, concerns still remain in bio-
material engineering community regarding excessive biocorrosion
rates of magnesium alloys [1,2,5,7-14]. On the other hand, iron corrodes
too slowly in body fluids which is partially caused by the presence of
iron oxide products with a larger volume that resists biodegradation,
therefore, possible ways for accelerating the degradation rate are still
searched for. They include additions of manganese, phosphorus, and
noble metals [3,15-17].

Besides magnesium and iron, zinc has been explored as the newest
metallic alternative to biodegradable magnesium alloys and polymers.
Zinc, as an essential element in the human body;, is involved in various
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E-mail address: Jiri.Kubasek@vscht.cz (J. Kubasek).
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aspects of cellular metabolism. Zinc is important to the proper functions
of numerous enzymes; it supports immune functions, protein and DNA
syntheses. It also supports normal growth, wound healing and a proper
sense of taste and smell [2,18]. The recommended daily value of Zn
ranges from 10 mg per day for adults to 2 mg per day for infants. The
upper limit for zinc is 40 mg per day [19]. The consumption of zinc in
amounts higher than this value is generally considered relatively non-
toxic, and amounts approaching 100 mg per day can be tolerated for
few days period [20]. In scientific and patent sources, there are numer-
ous biodegradable Mg-based alloys containing zinc in amounts of sever-
al wt.%, like Mg-Zn, Mg-Zn-Mn-Ca, Mg-Zn-Y, and Mg-Zn-Si [1,2,5,7].
Additions of Zn to these alloys improve the corrosion resistance and
strength [18]. In the Mg-Zn phase diagram, there is a deep eutectic at
about 51 wt.% Zn [21] that is the basic factor supporting the high
glass-forming ability of Mg-Zn-based alloys [10,14]. It was shown by
Z. Bruno et al. [14] that amorphous Mg-Zn-based alloys containing
about 50 wt.% of Zn have excellent strength, high corrosion resistance,
low hydrogen evolution rate and good biocompatibility in animals,
therefore, they become promising candidates for biodegradable bone
implants. But problems arise from a quite difficult preparation of metal-
lic glasses and especially forming them to a final product. Common pro-
cesses involve rapid solidification of melt that limits the maximum
thickness of amorphous alloys to hundreds of micrometers [14].
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The fact that zinc is biologically tolerated even at concentrations ap-
proaching 50 wt.% in Mg-based alloys [10,14] indicate that Zn-based al-
loys may also be promising candidates for biodegradable implants. The
advantages of Zn-based alloys are low melting point and low reactivity
in a molten state. Therefore, they can be prepared by simple melting,
gravity or die-casting in air atmosphere and hot forming. To our best
knowledge, we reported for the first time structural, mechanical and
corrosion studies on biodegradable Zn-based alloys [22]. A series of as-
cast binary Zn-Mg alloys containing 0-8 wt.% Zn were investigated in
our studies [22-24]. Tensile, compressive, bending, as well as hardness
mechanical tests, were carried out to find an optimum Mg concentra-
tion. We have found that magnesium has a strong strengthening effect
on zinc. As-cast alloys with 1-2 wt.% Mg showed the best combination of
tensile strength (180 MPa) and ductility (almost 2%). However, it is
known that some kinds of implants should possess higher strength
levels of approximately 300 MPa and also higher plasticity of 15% [19].
Unfortunately, it is not possible to use higher Mg-concentrations
in Zn-Mg alloys because magnesium forms a brittle eutectic phase re-
ducing strength, plasticity and toughness of Zn-Mg alloys [24]. At-
tempts to improve mechanical properties of zinc were recently made
by Yu et al. [25]. They incorporated nano-diamond particles into zinc,
but no positive effects were observed. Another way to improve mechan-
ical strength is applying hot extrusion in processing alloys and this is the
subject of the present study. Thermo-mechanical processing such as ex-
trusion or rolling has been already successfully used to prepare Zn-Mg
alloys with up to 1 wt.% of Mg [26,27]. To our best knowledge, alloys
with higher concentrations of Zn have not been studied yet. We have
also shown previously [22] that Zn-Mg alloys corrode in a neutral sim-
ulated body fluid at considerably lower rates than pure Mg and AZ91HP
alloy. This was also confirmed by other studies [28].

The national approval procedures for any material with potential
use in human medicine require a complete set of biocompatibility
tests. Both in vitro and in vivo testing are necessary processes in the
evaluation of biocompatibility of novel biomaterials. General in vitro
biocompatibility testing includes cytotoxicity and genotoxicity testing
as defined in ISO 10993-1 standard [29]. The term cytotoxicity refers
to toxic effects at the cellular level comprising death, changes in cellular
membrane permeability, enzymatic inhibition, etc. [30]. Cytotoxicity
is quantified as a decrease in metabolic activity of cells exposed to
alloy sample extract compared with control. Genotoxicity is defined
as a harmful action on a cell's genetic material affecting its integrity.
Genotoxic substances are potentially mutagenic [31] and can cause
damage to the germ line resulting in mutations in future genera-
tions and are also capable of inducing cancer [32]. Since bones are a
source of mesenchymal stem cells important for physiological self-
regeneration of the body [33,34], mutagenicity testing of biomate-
rials for orthopedic applications is of great importance. The Salmonella
typhimurium assay (well known as Ames test) is a widely accepted
short-term bacterial assay for identifying substances that can cause ge-
netic damage leading to gene mutations [32]. Testing of genotoxicity
using Ames test is recommended by ISO standard 10993-3 [35] and
should be performed according to OECD guidelines [36].

Our preliminary in vitro cytotoxicity tests with as-cast Zn alloys
revealed that the U-2 OS cells exposed to the extract from the Zn-
0.8 Mg alloys containing 70 pmol/l Zn showed a good viability of 80%
[24]. Zinc in vitro cytotoxicity has also been studied on other kinds of
human and animal cells. Wu et al. [37] observed a 70% viability of
human endometrial epithelial cells at 150 pmol/l Zn. A similar reduction
of viability was however detected for rat retinal cells at only 50 umol/I
Zn [38]. Human proximal tubular cells exhibited a viability of less than
50% in a 100 pumol/l Zn solution [39]. A recent study of Cheng et al.
[28] indicated that 1 pg/ml (i. e. 15 uM) Zn is not toxic to ECV304 cells,
but it reduced viability of L929 cells in the same extract. Li et.al [27]
showed in their research very good viability of ECV304, VSCM and
MG63 cells in extracts from extruded Zn-1 Mg alloy. They also showed
that ECV304 and MG63 cells cultured 24 h directly on the surface of Zn-

1 Mg behaved healthy. On the contrary VSCM cells were characterized
by unhealthy and dead morphology after 24 h on the surface of the
Zn-1 Mg alloys [27]. Gong et al. showed that viability of L-929 in diluted
extracts (1:15) performed at DMEM with 10% FBS after 24 and 72 h is
excellent. However, information about concentrations of Zn and Mg
ions after extraction is missing [26]. Murni et al. [40] studied cytotoxic-
ity on Zn-3 Mg alloy. Extracts were prepared by incubating of 0.75 mg of
Mg-3Zn powder in cell culture for 72 h and the prepared extract form
Zn-3 Mg contained 0.49 ppm of Zn ions. Viability tests on NHOst cells
showed poor viability (47 £ 12%) after 1-day incubation time. Cell
viability increased above 100% compared with control group after
three days of incubation, however, it was again reduced after 7 days of
incubation [40]. Dambatta et al. studied NHOst cell viability in extracts
prepared by incubating 0.1-2 mg/ml of the powder of Zn-3 Mg alloys
in cell media. The results revealed that concentrations of 0.1 and
0.5 mg/ml led to the improved cell viability higher than 100%. On the
contrary, concentrations of 1 and 2 mg/ml Zn-3 Mg alloys induced sig-
nificant toxicity [41]. Although presented research contain important
information about biocompatibility of Zn-based materials for different
types of cells, exact compositions of extracts from studied materials
measured by ICP are missing in many cases which partially cause ambi-
guity of estimated properties. Also the utilization of different kinds of
cells can bring different results. Therefore, additional in vitro tests are
needed to better characterize Zn biocompatibility prior to its possible
applications in human medicine.

In vivo tests of zinc were reported recently in a pioneering work of
Bowen et al. [19] and also the work of Li et al. [27]. Bowen et al. applied
thin zinc wires to the abdominal aorta of adult rats and studied corro-
sion rates, corrosion products and tissue adherence. It was observed
that the in vivo corrosion rate ranged between 10 and 50 pm/year and
that it progressively increased during six months of exposition. Another
important finding was that the implant remained intact for at least four
months after implantation. Post-corrosion investigation revealed the
presence of compact corrosion products facilitating a good adherence
of the surrounding tissue. Li et al. [27] confirmed that application of
Zn-1 Mg alloys in mouse femora has no negative effect on the health
of mice. Moreover, strong new bone formation during process has
been observed. These results imply that zinc or zinc alloys are promising
materials for biodegradable vascular stent applications.

In the present work, structural, mechanical, in vitro corrosion and bi-
ological characteristics of Zn and Zn-Mg alloys were studied systemati-
cally. Zn-Mg alloys containing 0-1.6 wt.% Mg were selected for this
study, because their plasticity and formability are significantly impaired
at higher Mg concentrations [24]. The alloys were studied in the as-hot
extruded state to achieve high mechanical strength. Mechanical proper-
ties of the Zn-Mg alloys were compared with the WE43 alloy that has
been extensively studied in the context to biodegradable implants.
The WE43 alloy also appears as one of promising candidates for design-
ing these implants [1,2,5,7,11]. For in vitro biocompatibility testing, we
have chosen two cell lines: (1) murine fibroblasts L929 (ATCC® CCL-
1™) explicitly recommended for in vitro cytotoxicity testing by ISO
standard 10993-5 [42] and (2) human osteosarcoma cell line U-2 OS
(ATCC® HTB-96™) resembling osteoblasts due to intended use of the
alloys. We have first tested toxicity of a broad range of concentrations
of ZnCl,, covering the possible peak concentrations of zinc released
from the alloy during corrosion.

2. Materials and methods

Pure Zn, Zn-0.8 Mg, Zn-1.6 Mg, and Mg-4Y-3RE-0.4Zr (WE43, ac-
cording to the ASTM designation) alloys were studied in this work.
Zinc and zinc alloys were prepared by melting pure Zn (99.99 wt.%)
and Mg (99.99 wt.%) in an electric resistance furnace under air atmo-
sphere. After sufficient homogenization, the melted alloys were gravity
cast into a cast-iron mold to prepare cylindrical ingots of 20 mm in di-
ameter and 150 mm in length. Chemical compositions of ingots are
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given in Table 1. The WE43 alloy was purchased from an industrial
supplier in the form of rectangular ingots of 200 x 100 x 500 mm in
size. To ensure identical preparation of both kinds of materials, the
alloy was re-melted in a vacuum induction furnace under a protective
argon (4N) atmosphere and gravity cast into cast iron mold. Prepared
cylindrical ingots had the same dimensions as those of Zn alloys. Subse-
quent processing step was hot extrusion. Cylinders of 20 mm in diame-
ter and 15 mm in height were cut from as-cast ingots and hot extruded
in a hydraulic press at an extrusion ratio and rate of 10:1 and 2 mm/min,
respectively, to produce rods of 6 mm in diameter. Before hot extrusion,
the WE 43 alloy was heat-treated by the T4 regime, i.e., solutionized at
525 °C/8 h and water quenched to improve the formability of the mate-
rial. Extrusion temperatures of zinc and WE43 alloys were 300 and
400 °C, respectively.

2.1. Structure and mechanical properties

The microstructures of the alloys were examined by light and scan-
ning electron microcopy (SEM, Tescan Vega 3) equipped with energy
dispersion spectrometry (Oxford Instruments Inca 350). For this pur-
pose, the samples were grinded using SiC abrasive papers (P180-
P4000), polished by diamond pastes with 2 and 0.7 ym particles and
etched in a 2 ml HNOs + 100 ml H,O solution. Phase composition of al-
loys was determined by X-ray diffraction (X'Pert Philips, 30 mA, 40 kV,
X-ray radiation Cu K,). Mechanical properties of alloys were examined
by Vickers hardness (loading of 5 kg), tensile and compressive testing.
Tensile tests were conducted on rods of 6 mm in diameter and 70 mm
in length. Samples for compressive tests had a diameter and length of
6 and 12 mm, respectively. Both types of mechanical tests were carried
out on LabTest 5.250SP1-VM universal loading machine at a deforma-
tion rate of 1 mm/min.

2.2. Corrosion properties

In vitro corrosion tests can be carried out in numerous solutions
simulating human body fluids [2,7,9,12]. However, any extrapolation
of in vitro corrosion rates of biomaterials to in vivo conditions is prob-
lematic and may be inaccurate. For this reason, we estimated in vitro
corrosion rates only from released ions during preparation of extracts
in DMEM (Dulbecco's modified Eagle's medium, Sigma-Aldrich) and
MEM (minimum essential medium, Sigma-Aldrich) for cytotoxicity
tests. Cylindrical samples were sterilized by immersion into 70% ethanol
followed by UV irradiation for at least 2 h. The extracts of the tested al-
loys were prepared according to ISO 10993-5 standard [43]. Cultivation
medium DMEM or MEM was used depending on a cell type tested.
Lower (5%) concentration of FBS was used because proteins in FBS can
mask toxicity [44]. Volume to surface ratio (1 ml/88 cm?) was fixed
for all tested samples. The alloys were agitated (125 rpm) in closed ves-
sels at 37 °C for 24 h. Thereafter, the resulting extracts were centrifuged
(1500 x g, 5 min, RT) in order to remove solid parts of corroded mate-
rials. Extracts were used within 24 h after extraction for all tests. The
amount of metal ions in extracts was measured using ICP-MS.

Such conditions are closely related to the conditions in human or-
ganism, although flow is not included. Estimated corrosion rates direct-
ly correspond to the observed cytotoxicity of selected materials. The
corrosion rates were calculated, in mg/cm?/day. The surface of samples
after immersion was monitored using SEM equipped by energy disper-
sion spectrometry (Oxford Instruments Inca 350). Also X-ray diffraction

Table 1

Chemical compositions of the studied materials (in wt.%).
Material designation Zn Mg Si Ca
Zn 99.97 - 0.02 0.2
Zn-0.8 Mg 99.12 0.84 0.02 0.1
Zn-1.6 Mg 98.38 1.59 0.02 0.2

(X'Pert Philips, 30 mA, 40 kV, X-ray radiation Cu K,) was used to char-
acterize the phase composition of corrosion products.

Corrosion rates were calculated directly from released magnesium
ions. For this purpose, a sample of the solution after the immersion of
zinc alloy in DMEM or MEM was taken. This solution was subsequently
stabilized by HNO3 (Suprapur) and diluted with demineralized water.
The amount of metal ions in prepared samples was measured using
ICP-MS. The measured concentration was used for the calculation of
weight of magnesium ions released during exposure and this weight
was related to the original surface area of the sample and the time of ex-
posure. As a result, corrosion rate in mg/cm?/day was estimated.

2.3. In vitro biocompatibility

1) Cell lines and cultivation. U-2 OS cells (human cell line derived from
osteosarcoma, ATCC® HTB-96™) were maintained in Dulbecco's
modified Eagle's medium and L1929 cells (murine fibroblasts,
ATCC® CCL-1™) were maintained in minimum essential medium.
Both media were supplemented with 10% fetal bovine serum (FBS,
Invitrogen) and cells were incubated at 37 °C in a humidified atmo-
sphere of 5% CO,. Cells were passaged at subconfluency. Cells from
the 3rd passage were used for cell culture experiments.

2) Cytotoxicity assay. WST-1 assay is based on metabolic reduction of
tetrazolium salt resulting in colored formazan product. Cytotoxicity
is measured spectrophotometrically as the decrease in metabolic ac-
tivity of the cells [45]. U-2 OS and L929 cells were seeded into 96-well
plates (100 ul/well) in densities of 0.8 x 10° and 1 x 10° cells/ml, re-
spectively. The densities were chosen depending on the cell size so
that tested agent could be added to the cells at subconfluency, as
recommended by standard ISO 10993-5 [46]. After seeding, the
cells were incubated at 37 °C for 24 h to allow cell adhesion. Thereaf-
ter, a medium was replaced by the solutions of ZnCl, prepared in
DMEM/MEM with 5% FBS (2-300 umol/I Zn) or by the extracts in
DMEM/MEM medium with 5% FBS. The extraction process was
performed without 5% CO, atmosphere as it is recommended in stan-
dard ISO 10993-5 [46]. The pH changes were controlled after extrac-
tion process and confirmed similar values in the case of DMEM + FBS
with Zn-0.8 Mg alloys and DMEM + FBS alone and increase about
1 unit of pH after the extraction process of WE43 compared with
the DMEM + FBS alone. Such increase in pH value during extraction
can partially affect the corrosion rate of WE43 although this could be
partially neglected for such short tests. On the contrary, the viability
of cell in cytotoxicity tests is not affected by this pH change due to the
fact, that samples were during cytotoxic tests in incubator with CO,
that cause the compensation of pH to the initial value of 7.4 for
both studied materials. Concentrated extracts and extracts diluted
with a fresh cultivation medium (75%, 50% and 25% extracts) were
used for cytotoxicity studies. After 24 h, the cells were washed with
PBS and incubated with a WST-1 reagent (5% WST-1 in DMEM with-
out phenol red) for 4 h. The formazan product was photometrically
quantified using an ELISA reader at the absorption wavelength
450 nm with a reference wavelength of 630 nm. DMEM/MEM with
5% FBS was used as a negative control and 0.64% phenol in DMEM
with 5% FBS as a positive control. Cytotoxic effect was depicted as a
decrease in metabolic activity (decrease in the amount of the formed
formazan) compared with the negative control. All samples were
processed in 6 replicates. According to standard ISO 10993-5, a de-
crease greater than 30% is considered as the cut-off between non-
toxic and toxic effects.

3) Mutagenicity assay—Ames test. The Ames test is a short-term bacte-
rial reverse mutation assay designed to detect potential mutagens.
The test employs histidine (His) dependent Salmonella strains carry-
ing different mutations in genes in the His operon. When a mutagen
is added to the plate containing only a trace of His, the number of re-
vertant colonies (those bacteria that revert to His independence) per
plate is increased [32]. The Ames test in a form of plate incorporation
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assay without metabolic activation was carried out according to
Mortelmans and Zeiger [32] and OECD guidelines [47]. The extracts
of alloys prepared as described above were used for testing. Two
strains TA98 and TA100 considered as strains of the first choice [44]
were used. Overnight cultures were centrifuged, resuspended in
0.9% NaCl and diluted to a final optical density of 0.4. Two milliliters
of molten top agar (0.6% NaCl, 0.6% agar, 0.05 mM biotin and
0.05 mM histidine), 0.1 ml of the extract of tested alloys, 0.1 ml of
phosphate buffer and 0.1 ml of tested strain suspension were
mixed and poured onto the surface of glucose minimal agar plates.
They were inverted and incubated at 37 °C for 72 h. Three triplicates
were prepared for each sample. A buffer was used as a negative con-
trol and daunomycin (TA98) or sodium azide (TA100) was used as
positive control. Revertant colonies per plate were hand-counted
and the ratio of a negative control to a sample was calculated. The
ratio of revertants higher than 3 was considered as the cut-off be-
tween mutagenic and non-mutagenic responses.

4) Genotoxicity assay—Comet assay. Cells exposed to the extracts were

embedded in agarose on a microscope slide and lysed and the pres-
ence of DNA breaks was determined by electrophoresis at high pH.
The percentage of DNA in a comet tail reflects the degree of DNA
damage [45]. Specifically; U-2 OS and L929 cells were seeded into
24-well plates (500 pl/well) in the same manner as for cytotoxicity
assay. Following one day incubation, the medium was replaced by
the extracts of alloys in DMEM/MEM medium with 5% FBS and cells
were incubated for 24 h. DMEM/MEM with 5% FBS was used as a neg-
ative control and H,0; (4.2 mg/l, 10 min) in PBS as a positive control.
The comet assay was performed according to Olive and Banath [46]
with slight modifications. Briefly, cells were washed with PBS,

trypsinized and the density of the suspension was adjusted to
about 2-3 x 10> cells/ml. The cell suspension was mixed with 1%
low melting-point agarose (LMPA, 2-hydroxyethylagarose, type VII,
Sigma-Aldrich), laid on a microscopic slide precoated with agarose
(Type I-A, low EEO, Sigma-Aldrich), covered with a coverslip and
allowed to form a thin solid layer. Slices with gels were submerged
into an alkaline lysis solution (pH over 12) for 1 h. The positive
control was lysed in a separate vessel. Rinsed slides were then sub-
merged into an electrophoresis solution (pH over 12) and electro-
phoresis was conducted for 25 min at 0.6 V/cm. Washed slides
were allowed to dry, covered with a fresh layer of LMPA, stained
with ethidium bromide (100 pg/ml) and analyzed using a fluores-
cence microscope. CASP freeware [47] was used for evaluation of
the images according to Cortes-Gutierrez et al. [48]. At least 50
comets from each sample were evaluated. Comets were sorted into
five categories (0-4) depending on the percentage of DNA in the
tail of the comet (0 corresponding to 0-20% damage etc.). The
amount of comets in each category was multiplied by the appropri-
ate number of the category. The degree of DNA damage (single-
and double-strand breaks) was depicted using arbitrary units (0 =
no damage, 200 = 100% damage). Three independent measure-
ments were done for each sample.

3. Results and discussion

3.1. Structures

The structures of the hot-extruded alloys are illustrated in Fig. 1.

Pure zinc is composed of fine recrystallized equi-axed grains with an

Fig. 1. Light micrographs of the hot-extruded alloys: a) Zn, b) Zn-0.8 Mg, ¢) Zn-1.6 Mg, and d) WE 43 (LM).
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Fig. 2. XRD spectra of Zn-Mg alloys with 0.8 and 1.6 wt.% of Mg.
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average grain size of 20 um (Fig. 1a). The visual absence of deformation
texture suggests that dynamic recrystallization was completed during
the hot extrusion process. We illustrated in our previous study [22]
that the as-cast Zn contained large grains ranging between 100 and
1000 um. The observed grain size of 20 um indicates that the parameters
of hot-extrusion were selected properly to refine the microstructure
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Fig. 3. Mechanical properties of the alloys: a) Vickers hardness (HV 5) and compressive
yield strength (CYS), and b) tensile yield strength (TYS), ultimate tensile strength (UTS)

and elongation (E).

Fig. 4. Fracture surfaces of the alloys after tensile tests: a) Zn, b) Zn-0.8 Mg, and c) Zn-
1.6 Mg (SEM).
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Table 2
Basic mechanical properties of various biomaterials and natural bones (PLA — polylactic
acid) [1,2,5,50,51].

Materials Density Tensile Elastic Elongation

(g/cm*®)  strength modulus (%)

(MPa) (GPa)

Bones ~2 30-280 5-20 1-2
PLA ~1 ~30 ~2 -
Wrought Mg-based (WE43) ~3 320 ~50 6
Wrought Zn-0.8 Mg ~7 300 ~90 15
Wrought Ti-based ~5 800-1100 110 ~10
Wrought Co-based ~9 700-1200 220 ~10
Wrought stainless steels ~8 600-1000 200 ~20

sufficiently. It was also shown in our previous work [22] that the Zn-
0.8 Mg alloys in the as-cast state were hypoeutectic, i.e., it contained pri-
mary Zn dendrites and Zn + Mg,Zn,; eutectic mixture forming a con-
tinuous interdendritic network. A light micrograph of the hot
extruded Zn-0.8 Mg alloys in Fig. 1b shows that the hot extrusion pro-
cess breaks down the interdendritic network and arranges the
Mg,Zn particles (dark) into thin rows parallel to the hot extrusion di-
rection. The primary Zn dendrites vanish during hot extrusion and are
replaced by dynamically recrystallized regions (light) elongated in the
extrusion direction. Recrystallized regions are composed of equi-axed
Zn grains of 12 um in diameter, i.e., slightly smaller that those in pure
Zn. Apparently, fine Mg,Zn; particles partially hinder the grain bound-
ary movement and grain growth during hot extrusion. Another impor-
tant observation is that the rows of intermetallic phases are separated
from each other and this has a direct impact on mechanical behavior
of the Zn-0.8 Mg alloy, as will be shown later. Fig. 1c illustrates the as-
hot extruded Zn-1.6 Mg alloy. In the initial as-cast state, the structural
constituents of this alloy are primary Zn dendrites and Zn + Mg,Zn1,
interdendritic eutectic network [22]. The volume fraction of the eutectic
mixture is approximately double that of the previous material. After hot
extrusion, eutectic regions (dark) become oriented in the extrusion di-
rection but they still remain relatively thick and create a continuous net-
work around deformed and dynamically recrystallized Zn (light). The
average grain size in these regions of 12 um is identical to the Zn-
0.8 Mg alloy. The Mg-based WE 43 alloy is illustrated in Fig. 1d. It is com-
posed of recrystallized slightly textured Mg grains of approximately
50 um in thickness and 100 pm in length. EDS chemical analysis of Mg
grains determined concentrations of Y and RE of 3.8 and 3.2 wt.% indi-
cating that the Mg4:Nds, Mg 4Nd,Y and Mg,4Y5 intermetallic phases
originally present in the as-cast WE 43 alloy [49] dissolved during the
T4 heat treatment at 525 °C/8 h. Observed spectra from XRD measure-
ments are shown in Fig. 2 as dependence of relative intensity to
°2Theta. It is evident that there is a slight difference between the Zn-
0.8 Mg and Zn-1.5 Mg alloy. XRD measurements clearly confirmed the
presence of Mg,Zny; intermetallic phase in both zinc-based alloys and
also some amounts of MgZn, phase in as-extruded Zn-0.8 Mg. Such re-
sults are also in consistency with our previous work that has been ori-
ented on the as-cast Zn-TaMg alloys [22].

3.2. Mechanical properties

Fig. 3 summarizes hardness, compressive and tensile mechanical
properties of extruded alloys. There is a direct relationship between
Mg-concentration and mechanical properties. Hardness increases with
increasing Mg-content from 44 HV5 for pure Zn to 97 HV5 for the Zn-
1.6 Mg alloys (Fig. 3a). A similar situation is observed in compressive
behavior where pure Zn shows a compressive yield strength (CYS) of
120 MPa, while that of the Zn-1.6 Mg alloys reaches more than
380 MPa. It is also important to note that both hardness and CYS of
the reference WE43 alloy are slightly lower as compared with the Zn-
1.6 Mg alloy. Tensile behavior follows a similar trend, i.e., both the
tensile yield strength (TYS) and ultimate tensile strength (UTS) increase

with increasing Mg-content (Fig. 3b). The Zn-1.6 Mg alloys reach a
maximum UTS of 367 MPa. However, elongation (E) of near zero proves
an excessive brittleness of the Zn-1.6 Mg alloys showing no plastic
strain during loading. The reason of this behavior is the presence of con-
tinuous network of hard and brittle Mg,Zn;; intermetallic phases
(Fig. 1c) facilitating the growth of fracture cracks before the onset of
plastic strain. In contrast to the Zn-1.6 Mg alloy, the Zn-0.8 Mg alloys
show TYS and UTS values of 203 and 301 MPa, respectively. It also
shows a good plasticity and E of 15% because of the absence of the
network of intermetallic phases (Figs. 1b, 2b). Gong et al. [26] studied
the Zn-1 Mg alloys in extruded state and postulated values for TYS
and UTS as 180 MPa 250 MPa respectively. The reason is that slight-
ly lower values of mechanical properties can be connected with differ-
ent conditions of extrusion (temperature = 200 °C, ram speed =
20 mmy/s, extrusion ratio = 16). Li et al. [27] prepared Zn-1 Mg alloys
with almost similar mechanical properties compared with the present
paper by extrusion process at 210 °C, and at extrusion ratio equal to 8,
which are close conditions to our procedure. The extruded WE43 alloy
exhibits slightly higher TYS and UTS (280 and 325 MPa, respectively)
but a significantly lower elongation of 6%. Although present paper
deals with Zn-Mg alloys containing up to 1.6 wt.% of Mg, higher
amounts of Mg can be added to Zn to significantly affect mechanical
properties. Based on the phase diagram [21], zinc solubility in Mg is al-
most negligible and due to the eutectic point near 3 wt.% of Mg in zinc,
eutectic mixture of a-Mg and Mg,Zn;; phase is strongly presented in
the structure and the amount of Mg,Zn1; phase is increased significant-
ly with an increasing Mg amount in the alloy. This cause a decrease of
plasticity, however other mechanical properties such as hardness and
compressive properties (CYS and UCS) can be increased noticeably. It
has been shown that Vickers hardness (HV5) reached about 200 MPa
for Zn-3.4 Mg alloys in the as cast state [22]. Although the experiments
were performed for as-cast states, HV5 was increased regularly with an
increased Mg content in alloys [22]. The same trend was observed for
as-cast states in reference [24]. Moreover in [24] authors showed that
CYS is improved up to 3.4 wt.% of Mg in alloy and reached almost
650 MPa. When Mg concentration was increased to higher values than
at eutectic composition, plasticity of material disappeared and only
UCS was observed at lower values of about 230 MPa [24]. It can be as-
sumed that due to this specific brittleness, extrusion of materials with
more than 3 wt.% of Mg will be almost impossible. The trends which
are observed for as-cast Zn-Mg up to 3 wt.% of Mg will be probably
very similar for extruded materials although to our best knowledge,
there does not exist a sufficient date which can confirm this statement.

Fracture surfaces after tensile tests shown in Fig. 4 confirm the
above findings. Pure zinc (Fig. 4a) is characterized by a relatively
coarse transcrystalline fracture surface with plastic deformation traces
corresponding to the moderate elongation of 8% measured for pure Zn
(Fig. 3b). The fracture surface of the Zn-0.8 Mg alloys (Fig. 4b) is very
fine and exhibits a dimple-like morphology with dimples created
around hard Mg,Zn;; intermetallic phases. Dimples are surrounded by
areas of plastic deformation of Zn phase (light). Plastic zones are
dense and well developed suggesting good plasticity and high elonga-
tion (15%) of the Zn-0.8 Mg alloys (Fig. 3b). A quite different fracture
morphology is observed for the Zn-1.6 Mg alloys (Fig. 4c) where a
high density of flat brittle facets appears which is consistent with a mac-
roscopic brittleness and negligible elongation of this alloy (Fig. 3b). Brit-
tle facets are created by the fracture occurring in the eutectic network
retained after hot extrusion (Fig. 1c).

The results above indicate considerable hardening and strengthen-
ing effects of Mg due to the presence of fine and hard Mg,Zn; interme-
tallic phases (Fig. 1b, c). Solid solution strengthening can be neglected
because of very low solid solubility of Mg in Zn [21]. By comparing struc-
tures and mechanical properties of the extruded and cast Zn-Mg alloys
given in our previous study [22] one can observe that hot extrusion
brings about a considerable improvement of both strength and plastic-
ity of the Zn-0.8 Mg alloy. The as-cast alloy has UTS and E of less than
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180 MPa and 2%, respectively [22], but hot extrusion leads to almost
two-fold increase in UTS and even seven-fold increase in E (Fig. 3b).
During hot extrusion, the dynamic recrystallization occurs leading to a
significant grain refinement. The as-cast structure with average dendrit-
ic branch thickness of 30 um [22] vanishes and is replaced by equi-axed
grains of 12 um in size (Fig. 1b). Moreover, eutectic networks disappear
which further contributes to the strength and plasticity of the Zn-
0.8 Mg alloy. The Hall-Petch (H-P) relationship between TYS and
grain size (d) for pure Zn has been reported in the following form [50]:

TYS (MPa) = 32 (MPa) + 6.9 (N/mm3/2> x [d (mm)] /2. 1)

The grain size of 0.012 mm in the Zn-0.8 Mg suggests that the H-P
contribution to the TYS is 95 MPa. This value is only half of the measured
TYS of this alloy (203 MPa) and the remaining part can be attributed to
the presence of arranged Mg-enriched intermetallic phases (Fig. 1b)
and, perhaps, also to some crystallographic orientation of Zn induced
by hot extrusion.

Based on the above statements the Zn-0.8 Mg alloys appear as a
promising material for designing biodegradable implants. It is worth
noting, that mechanical characteristics of the Zn-0.8 Mg alloys fulfill
the general requirements for materials of biodegradable stents (TYS —
200 MPa, UTS — 300 MPa and E — 15% [19]). The requirements for
load-bearing implants like fixation devices for fractured bones cannot
be generalized, because of a complexity of possible locations and appli-
cations in the human body. It thus remains to compare mechanical
characteristics of the new material with other inert, biodegradable ma-
terials and hard bone tissue, as summarized in Table 2. One can see that
the new Zn-Mg alloys have a lower strength than inert biomaterials and
similar strength to the WE43 alloy. Nevertheless, the strength of
300 MPa considerably exceeds that of poly-lactic acid (PLA) which is a
commercial biodegradable material currently used for bone fixations
or other polymeric materials. Importantly, the plasticity of the new ma-
terial is fully comparable with Ti, Co alloys and stainless steels. From the
mechanical point of view, the wrought Zn-0.8 Mg alloys thus appear as
a good candidate for designing small bone fixation devices like screws,
plates and other implants. As it will be demonstrated in the following
paragraph, the essential advantage of the Zn alloy over the Mg alloy is
related to its different corrosion behavior.

3.3. Corrosion behavior

For corrosion and also biological experiments only Zn-0.8 Mg and
WE43 alloys were selected. This was done due to the observed mechan-
ical properties of Zn-based alloy and the best combination of them in
the case of Zn-0.8 Mg. Corrosion rates in DMEM and MEM calculated
from released Zn ions in the case of the Zn-0.8 Mg and Mg ions in the
case of WE43 are 0.0134 4 0.0003 and 0.2011 + 0.0114 mg/cm?/day,
respectively. Calculated values were similar for both extracts in DMEM
and MEM, therefore, average values are calculated. It is clearly evident
that the Zn-based alloy corroded at a significantly lower corrosion rate
compared with the magnesium-based alloy.

Corrosion properties of rolled Zn-1 Mg alloys in a Hank's solu-
tion have been previously reported by Li et al. [27]. Corrosion rate esti-
mated from weight changes reached the value of about 0.085 mm/year
which corresponds to the value 0.0165 mg/cm?/day. This is very close
to the calculated value of 0.0134 mg/cm?/day presented in this work.
Gong et al. [26] studied the corrosion of Mg-1Zn and WE43 extruded
alloys in SBF. Estimated corrosion rates from weight changes were
0.12 and 0.34 mm/year which corresponds to the 0.023 and
0.2012 mg/cm?/day for Zn-1 Mg and WE43 respectively. The reason
for higher corrosion rate of zinc alloy compared with the present results
can be connected with the occurrence of a higher amount of eutectic
phases in the structure. These phases are corroded firstly [26,41], and
therefore, observed corrosion rate can be higher compared with the re-
sults in this work. Dambatta et al. [41] studied the corrosion of Zn-3 Mg,
however, their calculations were performed only from electrochemical
measurements, such as potentiodynamic measurements and EIS
(electrochemical impedance spectroscopy). Previous research [27] re-
vealed that corrosion rates estimated based on weight changes and
electrochemistry can be significantly different for zinc alloys. This was
also reported in the past for magnesium alloys [9]. Therefore, observed
corrosion rates cannot be compared regularly with presented results.
Corrosion processes of Zn-Mg alloys and magnesium alloys are differ-
ent. Magnesium is insensitive to oxygen dissolved in the corrosion me-
dium and the following anodic and cathodic reactions can be written for
Mg [52-54]:

Anodic reaction:

Mg—Mg>* + 2e~. 1)

Fig. 5. Surface of alloys after immersion in DMEM/MEM solution: a), ¢) Zn-0.8 Mg and b), d) WE43 alloy.
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Table 3
Composition of corrosion products after immersion in DMEM or MEM solution.
at.% 0] Mg Zn Ca P Y Nd Na Cl K Gd Dy
WE43 447 445 - 2.7 2.6 14 0.4 0.4 0.2 0.1 0.1 0.1
Zn-0.8 Mg 49.8 15 424 0.6 0.6 = - 3.9 12 = - =
140 As stated before, zinc alloys are considered mainly for load-bearing

percent of viability of control

n T S
2 uM 10puM  40pM 80pM  120puM 180 puM 300uM  phenol
-20
EENU-20S EZAL929 ------- 70% viability of control

Fig. 6. Effect of Zn?>* ions on viability of U-2 OS and L929 cells. Relative viability of
cells after 1-day incubation with Zn?* in DMEM/MEM + 5% FBS was related to untreated
cells cultivated in DMEM/MEM + 5% FBS which were used as a negative control.
Cells treated with 0.64% (72 mM) phenol as a positive control. Dashed line stands for
the cut-off between non-toxic and toxic responses. Error bars represent sample standard
deviation.

Cathodic reaction:

2H,0 +2e —H; +20H". (2)

Similarly, the anodic reaction of zinc is dissolution of the metal. But,
hydrogen evolution in the nearly neutral solution, which is stabilized in
the human body, is not expected for zinc, and the cathodic reaction is
based on the reduction of oxygen [52,53]:

Anodic reaction:

Zn-Zn*t + 2e”. 3)
Cathodic reaction:
2H,0 + O, + 4e” -4 0OH™. (4)

It can be concluded from the corrosion experiments that the Zn
alloys are considerably more corrosion resistant than the magnesium
alloy. Firstly, zinc is less reactive than magnesium. The standard poten-
tials of Zn and Mg are —0.762 and — 2.372 V (versus SHE), respectively
[46]. Secondly, zinc exhibits a high hydrogen overpotential suppressing
the cathodic evolution of hydrogen. The cathodic reaction occurring on
the zinc surface is dominated by a reduction of dissolved oxygen
(Eq. (4)) and, therefore, it is controlled by the diffusion rate of oxygen.

Table 4

and stent applications. Typical dimensions of a biodegradable zinc
screw or nail may be 4 mm in diameter and 20 mm in length. Assuming,
for simplicity, uniform in vivo corrosion at a rate of 0.0134 mg/cm?/day
provides a Zn dose of 0.038 mg per day which is far below the tolerable
limit of 40 mg per day. The recent in vivo study with zinc wires im-
planted to the rat's artery [17] reported corrosion rates of approximate-
ly 0.05 mm/year which correspond to 0.097 mg/cm?/day. Such values
are higher than that measured in our study although protective insolu-
ble surface films composed of zinc oxide, phosphate and carbonate were
observed after the in vivo exposition of zinc [17]. Such variety can be
connected with differences between conditions in human organism
and static and also very short immersion tests.

Therefore it is important to note that estimated corrosion rates are
only approximate values for direct comparison between the Zn and
Mg alloys which directly relate to the cytotoxicity testing.

Taking the mechanical performance of zinc implants into consider-
ation, it is not a simple task to define the acceptable corrosion rate
because it depends on the implant type, function, size, location in the
body and other factors. Assume again that a biodegradable fixa-
tion screw has a diameter of 4 mm. The surgical requirement may
be that the screw must keep 95% of its original load-bearing capability
for at least 6 weeks after implantation. In other words, corrosion of
the screw should not reduce its cross-section by more than 5% per
6 weeks giving a maximum acceptable corrosion rate of 0.4 mm/year
which corresponds to the 0.78 mg/cm?/day. In this case, the observed
degradation rate of the Zn alloy is significantly lower. Also the
WEA43 alloy corrodes at an acceptable corrosion rate, although this
rate approaches 0.20 mg/cm?/day which correspond to the value
0.42 mm/year. However it is worth mentioning that such prediction is
reliable only in the case of a uniform corrosion on the surface, which
is not often satisfied especially in the case of Mg-based alloys.

Corrosion products of both alloys (Fig. 5a-d) after immersion test
were predominantly composed of matrix element (Zn or Mg) and
other elements such as oxygen, phosphorus and calcium (Table 3).
Such composition points to oxides and hydrated oxides of Zn or Mg
and also phosphates product on the surface. Distribution of mentioned
elements on the surface of immersed samples is shown in Fig. 5. Corro-
sion products in this case cover almost the entire surface. It is also evi-
dent from Table 3 that the surface products on WE43 after immersion
contain higher amounts of P and Ca compared with the Zn-0.8 Mg
alloy. Human bone is composed of phosphates. Therefore, superior cre-
ation of phosphates on the surface of alloy can cause improved connec-
tion between alloy and bone. From this point of view, Zn-based alloys
seem to have lower tendency to create phosphates on the surface. We
also try to perform XRD measurement, however due to the low

Zinc cytotoxicity (zinc was added in form of ZnCl,). MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, LDH = lactate dehydrogenase, WST-1 = water soluble tetra-

zolium salt, ECsq, TCso = the concentration required to reduce viability by 50%).

Concentration of Zn (in pM) Cells Test Exposition time Result Reference
5-300 puM in complete cell-culture medium Primary human endometrial MTT 24h TCso = 215 pM, 70% viability at 150 uM [37]
epithelial cells
20-80 puM in serum-free medium Rat retinal cells LDH 24h 70%viability at50 M, 100% celldeathat60-80pM  [38]
1-100 uM in serum-free medium Human proximal tubular cells  MTT 24h Significant reduction in the viability at 100 uM  [39]
50-300pM inserum-freemedium (2h) followed =~ Neuronal PC12 cells MTT 2 hexposure,22h  ECs9 = 185 uM [56]
byincubationinmediumwith serum incubation
2-300 uM U-2 0S WST-1  24h The highest safe concentration of 120 uM This work
2-180 uM 1929 WST-1  24h The highest safe concentration of 80 uM This work
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Fig. 7. Effect of the Zn-0.8 Mg and WE43 extracts on U-2 OS and 1929 cells. The columns demonstrate relative viability of U-2 OS and L929 cells treated 1-day with extracts (extracted in
DMEM for 1-day) of the Zn-0.8 Mg and WE43 alloys in DMEM + 5% FBS. The results are related to the viability of the cells incubated in DMEM + 5% FBS, which was used as a negative
control. Dashed line stands for the cut-off between non-toxic and toxic responses. Error bars represent sample standard deviation.

thickness of corrosion products, results contained only small signs of
MgO and ZnO on the surface and spectra were predominantly occupied
by the peaks of matrix element and observed intermetallic phases.

3.4. Cytotoxicity of salt solutions

Firstly, we tested cytotoxicity of various concentrations of zinc on U-
2 0S and 1929 cell line to predict in vitro toxicity of extracts of alloys.
Generally it is necessary to prepare the extracts to get information
which Zn concentration can be reached during corrosion process. It
is also clear that other agents (increased pH, the formation of toxic
products in the corrosion medium, oxidative stress) can be critical to
decreased cell viability. However; the purpose of these tests was to con-
firm if the behavior of cells in prepared solutions will be similar at the
same concentrations of Zn ions to the behavior in prepared extracts,
and therefore, if such arrangement can serve as a simple possible testing
method for approximate determination of cytotoxicity. In Fig. 6 the cy-
totoxicity is depicted as a decrease in metabolic activity evaluated by
WST-1 test compared with negative control (sole cultivation medium).
There seems to be a rather sharp transition from non-toxic to toxic con-
centrations, 120 uM and 80 uM concentrations being the highest safe
concentrations, for U-2 OS and L929 cell line, respectively. The results
of cytotoxicity testing always depend on the cell line and the experi-
mental setup. Despite this, our observations are in a good agreement
with other toxicology studies performed with various cell lines [37,
55], see Table 4. They also show that L929 are more responsive than
U-2 OS and therefore are a good model for cytotoxicity testing.

Table 5

3.5. Cytotoxicity of alloy extracts

We tested cytotoxicity and genotoxicity of extracts of the Zn-0.8 Mg
alloy, see Fig. 7 and Table 5. Commercially available Mg-based alloy
WE43 served as a control. As expected, the extracts of the reference
WEA43 alloy (Table 6) demonstrate no cytotoxicity for the U-2 OS and
1929 cells. In contrast, we observe toxic effect upon 1-day treatment
of U-2 OS cells with the Zn-0.8 Mg alloy extracts both undiluted and
in 75% concentration which correspond to the Zn ion concentrations
of 184 uM and 138 pM, respectively (Table 4). On the other hand, the
solution of 92 uM Zn obtained by 50% dilution of the original extract re-
duces the cell viability by less than 20%. It is consistent with the results
of the tests with ZnCl, solutions which proved the maximum safe Zn
concentration of 120 uM (Fig. 6). Therefore, the approach of simulating
alloy extracts with ZnCl, salt solutions seems to be a valuable tool for
assessing the toxicity of degradation products of the Zn-based alloys.
Fig. 7 also indicates that the L929 cells are more sensitive to Zn than
the U-2 OS cell line, since its viability decreases during 1-day incubation
with any of the tested concentrations except the 25% extract (44 UM Zn).
Cheng [28] observed a toxic effect when using the extract of Zn on
1929 at a concentration of 15 puM. This discrepancy is probably caused
by the fact, that the authors used an extraction medium without FBS.
Cells cultivated completely without FBS can be more sensitive to tested
substances.

Unfortunately, a direct comparison with other research papers is
complicated. Gong et al. [26] did not measure the concentrations of
ions in extracts. In another papers [27,41] authors dealt with cytotoxic-
ity measurements but they did not postulate concentrations of ions in

Table 6
Concentrations of Mg and RE ions in extracts of the WE43 alloy (1-day extracts in DMEM
or MEM with 5% FBS) measured by ICP-MS.

Concentrations of Zn and Mg ions in extracts of the Zn-0.8 Mg alloys (1-day extracts in Element Concentration in umol/1
DMEM or MEM with 5% FBS) measured by ICP-MS. DMEM MEM
Element Concentration in pmol/l Mg 7653 6830
Y 1830 x 103 540 x 1073
DMEM MEM Dy 80 x 1073 20x 1073
Zn 184 176 Gd 90 x 103 30x 1073
Mg 1020 868 Nd 450 x 1073 110x 1073
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Table 7
Number of revertant colonies after the Ames test and the ratio of the sample to the positive control. The ratio of revertant colonies greater than 3 is considered as the cut-off.
TA 98 TA 100
Average number Ratio of sample Average number Ratio of sample
of revertants to control of revertants to control
Negative control 9.5+ 0.7 1 100.7 + 133 1
Zn-0.8 Mg 173 £ 2.1 18+03 1193 £ 379 12405
WE43 87 +55 09 +05 91.7 £ 175 0.9 + 0.1
Positive control 180.0 189 1600.0 15.9

extracts. In all cases, they only revealed the amount of the powder of the
alloy which was used to prepare extracts but there was no evidence as
to what amount of the powder was really dissolved during incubation.
Murni et al. [40] postulated the concentration of Zn ions as 0.49 ppm,
which corresponds approximately to the amount of dissolved Zn equal
to 8 pmol/I. This concentration caused a toxic effect on cells after 1-
day incubation. However, based on our results, such low amount of
zinc ions should not cause a toxic effect. There can be two explanations.
Firstly, the cells which were used in the present study and in the work
by Murni et al. [40] were different. Secondly, we performed extraction
in the culture cell medium with FBS (fetal bovine serum) but Murni
et al. [40] performed extractions only in the solution containing a
culture cell medium. As a consequence, during subsequent tests of cyto-
toxicity, FBS can in our case partially mask toxic effect, and therefore, a
higher accepted concentration of Zn is estimated.

A question remains whether the cytotoxic concentrations of the
above 44 M (good viability of L929 cells) are achievable or not in the
vicinity of the implant when applied in situ. According to the recent
in vivo study on zinc biocompatibility reported by Bowen et al. [19],
bio-corrosion products of zinc contain, apart from Zn, mainly O, C and
P, therefore, zinc oxide, hydroxide, carbonate and phosphate com-
pounds can be expected to dominate. Assuming that these compounds
cover the entire surface of the alloy, the local Zn concentration in the
surrounding fluid can be roughly estimated from the solubility product
constants (Ksp) of these compounds. The Ksp values for ZnO, Zn(OH)-,
ZnCO; and Zn3(PO4), are 4 - 107'° 5 - 10717, 2 - 107 '° and
9 - 1023, respectively [7]. Resulting local Zn concentration of approxi-
mately 20 uM is still lower than the safe limits given above. This may be
the reason why the Bowen's study showed a good adherence of the tis-
sue to the corroded zinc surface [19].

3.6. Genotoxicity and mutagenicity of alloy's extracts

Genotoxicity and mutagenicity were tested using the Ames test and
the comet assay as described in the Materials and methods section.

mU-20S 91929

160
140 T

[y
N
o

3

S
80 \

arbitrary units

positive control negative control

ZnMg

Fig. 8. Genotoxic effect of extracts of alloys on U-2 OS and L929 cells. The degree of DNA
damage (single- and double-strand breaks) was depicted using arbitrary units (0 = no
damage, 200 = 100% damage). Average values were calculated from three independent
measurements. Error bars represent sample standard deviation.

Ames test was performed with 1-day extracts of alloys and
S. typhimurium strains TA 98 and TA 100 were used without metabolic
activation. Table 7 shows the number of revertant colonies and the
ratio of the sample to the positive control. The ratio of revertants for
all samples is below the critical value of 3, indicating that the extracts
of tested alloys were not mutagenic. This result was expected, since
other published microbial tests concerning mutagenicity of zinc were
also negative [56,57].

The comet assay was performed to test the genotoxicity. The data
shown in Fig. 8 demonstrate that 1-day extracts of alloys are genotoxic
neither for U-2 OS nor L929 cell lines after 1-day incubation. Murni et al.
[40] performed Comet assay test on NHOst cells after 1, 3 and 7 days of
incubation in extracts from Zn-3 Mg alloy. Although authors used dif-
ferent methods of evaluation of their results compared with the
present paper, both results confirmed that the extracts from zinc alloys
did not significantly induce DNA fragmentation. On the contrary pure
Zn has a serious impact on DNA fragmentation especially after 7 days
of incubation [40].

Published data on genotoxicity testing on mammalian systems are
heterogeneous. Chromosomal aberrations were observed in vitro in
human lymphocytes [58]. On the contrary, no mutagenicity potential
of zinc was observed when using L5178YTK™"/~ mouse lymphoma-TK
assay [59]. Nevertheless, it can be concluded from the above cytotoxic-
ity, genotoxicity and mutagenicity tests that the Zn-0.8 Mg alloys could
be designated as relatively safe or at least promising for further in vivo
biocompatibility testing.

4. Conclusions

Based on the results obtained in this study, the following conclusions
can be made:

1. The hot extruded Zn-0.8 Mg alloys possess the best combination of
tensile strength (301 MPa) and plasticity (15%) among all the exam-
ined Zn-based alloys. These mechanical characteristics meet the gen-
eral requirements defined for biodegradable implants.

2. The corrosion rates of the Zn-0.8 Mg alloys are significantly lower
compared with that of the WE43 alloy. Possible zinc doses caused
by the corrosion of fixation implants are far below the toxic doses
of zinc for humans. In addition, the low corrosion rates of zinc alloys
ensure that the implants maintain a 95%-load-bearing capacity for at
least 6 weeks after implantation.

3. The in vitro cytotoxicity tests determined that zinc is less biocompat-
ible than magnesium and the maximum safe concentrations of Zn?*
for the U-2 OS and L929 cells are 120 uM and 80 pM, respectively.
Genotoxicity and mutagenicity tests did not indicate any negative ef-
fects connected with the use of zinc. Hence, zinc appears as a prom-
ising biomaterial for designing biodegradable implants.
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Degradable zinc-based alloys with an appropriate corrosion rate are promising materials for the preparation of
temporary orthopaedic implants. Previously, we prepared and characterised a novel Zn1.5Mg alloy. This paper
is focused on the characterisation of this alloy after a surface pre-treatment, which should mimic processes occur-
ring in vivo.

The samples of the Zn1.5Mg alloy were immersed in a simulated body fluid (SBF) at 37 °C for 14 days in order to
Keywords: form a protective layer of corrosion products. Thereafter, these samples were used for the corrosion rate deter-
Biodegradable alloys mination, an indirect in vitro cytotoxicity test, as well as for a direct contact test and were compared with the
Zinc non-treated samples. The protective layer was characterized by SEM and its chemical composition was deter-
In vitro testing mined by EDS and XPS analysis.

Cytocompatibility The corrosion rate was significantly decreased after the pre-incubation. The protective layer of corrosion products
was rich in Ca and P. The pre-incubated samples exhibited increased cytocompatibility in the indirect test (met-
abolic activity of L929 cells was above 70%) and we also observed osteoblast-like cell growth directly on the sam-
ples during the contact tests. Thus, the pre-incubation in SBF leading to improved cytocompatibility could

represent more appropriate model to in vivo testing.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Degradable metallic biomaterials for temporary load-bearing ortho-
paedic applications have been attracting great attention (reviewed in
[1]). Compared to non-biodegradable metals, there is the obvious advan-
tage of no need for a reoperation since the temporary implants (usually in
the form of screws, plates or pins) are fully degraded after they fulfil their
mission to assist bone tissue healing. When designing biodegradable ma-
terials for load-bearing applications, factors such as mechanical proper-
ties, corrosion rate and cytocompatibility/toxicity must be taken into
account. In this regard, better mechanical strength is the main advantage
of biodegradable metals over the thus-far used biodegradable polymers
[1].

The most extensively studied degradable metallic biomaterials are
based mainly on magnesium (reviewed in [2]), iron (reviewed in [3])
and zinc. Magnesium is a biogenic element, which is easily excreted
from the body and is even considered to be osteogenic [4-6]. However,
the corrosion rate of Mg-based materials is usually too high, which
leads to the premature loss of implant integrity. Moreover, the corrosion
mechanism involves pH increase and hydrogen evolution, the latter lead-
ing to the gaseous hydrogen accumulation and gas pocket formation

* Corresponding author.
E-mail address: eva.jablonska@vscht.cz (E. Jablonska).
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around the implant. These unwanted events subsequently impair the
healing process |7]. Fe-based materials have been also studied, but con-
versely, their corrosion rate is much lower than desired [8,9]. Therefore,
there is an effort to develop metallic materials without the aforemen-
tioned drawbacks. In this regard, zinc-based materials seem to be prom-
ising candidates in the field of biodegradable metals.

The corrosion rate of Zn is lower than the one of Mg [10-12]. More-
over corrosion of Zn is accompanied by oxygen depolarization reaction
and, therefore, problems with hydrogen are precluded. Similar to magne-
sium, zinc is in small amounts also an essential nutrient in human body,
where it influences various processes for example by enabling the func-
tion of numerous metalloenzymes, transcription factors and other pro-
teins [13]. The recommended dietary allowances (RDAs) for zinc are
0.16, resp. 0.13 mg/kg/day, which means approximately 11, resp. 8 mg/
day, for men and women, respectively. An amount of 0.3 mg zinc/kg/
day was determined as a minimal risk level (MRL) for intermediate-dura-
tion exposure (15-364 days). The levels of zinc that produce adverse
health effects are 1.6-2.4 mg/kg/day. Normally, zinc does not accumulate
in the body and is excreted via urine and faeces [14], which is it's another
advantage over iron.

The first step towards development of zinc biomaterials was done in
2009 by Zberg et al. [15] who prepared Zn-rich (up to 35 at.%) MgZnCa
glass with high corrosion resistance and high mechanical strength and
observed no inflammation or hydrogen evolution in vivo. However,
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complicated preparation of metallic glasses, limited final product thick-
ness and requirements for mechanical homogeneity [11] hinder the
manufacturing of the final implant. Bowen et al. performed a long
term examination of the corrosion behaviour of pure zinc intended for
cardiovascular applications. They observed no necrosis in the aorta of
rats at the tissue-implant interface and found zinc corrosion parameters
to be optimal in terms of the rate and corrosion layers formed [11].

Nevertheless, pure Zn is soft, brittle and has insufficient mechanical
strength for load-bearing applications and, therefore, must be alloyed
with other, preferably also biogenic, elements. To our best knowledge,
our group was first to report structural, mechanical and corrosion stud-
ies on conventionally prepared biodegradable Zn-based alloys [12].
Testing of cast and extruded ZnMg alloys containing up to 3 wt.% of
Mg showed that optimal mechanical properties were achieved at Mg
contents of approximately 1 wt.%. The corrosion rates of the ZnMg alloys
were significantly lower than those of Mg alloys. Subsequently, the
Zn1.5Mg alloy was tested using extracts in the in vitro indirect test. Cy-
totoxicity of the extracts was found to be dependent on the amount of
Zn released [16].

Meanwhile, cast and hot extruded Zn1Mg [17], Zn1Mg, Zn1Ca and
Zn1Sralloys [18] and a cast Zn3Mg alloy [ 19] were prepared and studied
by other research groups. The authors observed diverse
cytocompatibility; however, data comparison is difficult since various
methods of in vitro testing were used (fifteen-fold dilution of the ex-
tracts before the indirect test, preparation of the extracts from the pow-
dered alloy) and concentrations of released ions are often not shown
[17-19]. Impaired cell morphology of rodent vascular smooth muscle
cells (VSCM) seeded directly onto the Zn alloys was observed [18] as
well as a cytotoxic effect towards human osteoblasts of the alloy ex-
tracts at day 1 [19]. On the other hand, human cells derived from oste-
osarcoma (MG63 cells) and human urinary bladder carcinoma cell line
ECV304 on Zn alloys exhibited a healthy morphology [18].

From all of the above mentioned, it can be assumed that zinc-based
alloys show good mechanical properties and that their corrosion rate is
usually low enough resulting in zinc concentrations even below the
RDA limit and, therefore, causing no systemic toxicity in vivo [18]. On
the other hand, the in vitro cytocompatibility data are inconsistent and
it appears that the corrosion rate may lead to local Zn concentrations
higher than desirable. This discrepancy between the in vivo and in
vitro results is influenced by different corrosion behaviour of Zn alloys
in a tissue culture plate and in the body. It was found that corrosion
rate of degradable magnesium alloys in vivo is 1-5 times lower than in
vitro [20]. Presuming similar problem for zinc-based alloys, our aim
was to perform in vitro tests that would closer mimic the situation in
vivo.

In our work, we focused on the surface pre-treatment of the
Zn1.5Mg alloy and its influence on the corrosion rate and characterisa-
tion of the corrosion layer. We presume that in vivo, body fluids support
development of the corrosion layer concurrently or before cell attach-
ment. Therefore, we used pre-incubation in simulated body fluid (SBF)
to mimic the initial moments after implantation and showed that the
corrosion protective layer had a positive effect on initial corrosion resis-
tance and cell adhesion.

2. Material and methods
2.1. Sample preparation

Zn1.5Mg alloy was prepared as described previously [16]. Briefly,
pure Zn (99.99 wt.%) and Mg (99.99 wt.%) were melted in an electric re-
sistance furnace under air atmosphere. After sufficient homogenization,
the melted alloy was gravity cast to prepare cylindrical ingots of 20 mm
in diameter which were subsequently hot extruded at 300 °C in a hy-
draulic press at an extrusion ratio and rate of 10:1 and 2 mm min ™, re-
spectively, to produce rods of 6 mm in diameter.

2.2. Sample cleaning, sterilisation and treatment

Cylindrical samples (5 mm in diameter and 12 or 3 mm in height) of
Zn1.5Mg alloy were grinded (SiC paper, up to P4000), cleaned and
sterilised by immersing into 70% ethanol (2 h) and by subsequent UV
exposition (2 h). Thereafter, samples were either stored in closed ves-
sels as a control until the tests or submerged into SBF prepared accord-
ing to Miiller et al. [21] (composition given in Table 1) for two weeks in
order to create a protective corrosion layer. Surface to volume ratio was
80 mm? ml~". Both types of samples (pre-incubated and untreated)
were further compared in terms of surface composition, corrosion rate
and cytocompatibility.

2.3. Analysis of the surface

The chemical composition and surface morphology of the untreated
and pre-incubated samples were analysed by scanning electron micros-
copy (SEM, Tescan Vega 3) equipped with energy dispersion spectrom-
eter (EDS, Oxford Instruments Inca 350).

For more accurate quantitative evaluation of chemical composition
of the formed corrosion layer and determination of binding status, the
surface of the samples was studied using a XPS spectrometer ESCAprobe
P (Omicron Nanotechnology Ltd.) equipped with Al Kot (N = 1486.7 eV)
X-ray source. The spectra were measured with an energy step of 0.05 eV
and normalized to the binding energy of C1s peak (285.0 eV). The sam-
ples were thoroughly washed with distilled water, ethanol and acetone
before entering the spectroscope. The data for the chemical state evalu-
ation were obtained from the NIST X-ray Photoelectron Spectroscopy
Database.

24. Preparation of the extracts

Untreated and pre-incubated samples (5 mm in diameter and
12 mm in height) prepared as described in 2.2 were transferred to
MEM cultivation medium with 5% foetal bovine serum (FBS) and agitat-
ed (130 RPM) at 37 °Cin closed vessels for 24 h. The surface to volume
ratio was 87.5 cm ml~! for all samples. The extracts were further used
for indirect in vitro cytotoxicity tests and for corrosion rate
determination.

2.5. Corrosion rate determination

The extracts were analysed by ICP-MS (Perkin Elmer Elan 6000 spec-
trometer, three measurements for each sample). Prior to the measure-
ment, ultrapure HNO3; was added to the extracts in order to dissolve
solid corrosion products. Corrosion rate was expressed in mg cm™ 2"
day™ ' and was calculated from released ions using Eq. (1)

m

corrosion rate =
Sxt

(1)

where m is mass of released Zn in mg, S is surface of the samples in cm?
and t is time of the incubation in days. Three samples of each type were
used for each procedure.

Corrosion rate was determined only for comparison between the un-
treated and pre-incubated samples. Determination was done in

Table 1
Ton composition of SBF according to Miiller et al. [21].

Ion concentration (mmol dm™—3)
K+ Na* ca*t Mg? ™+ a- HCO3 H,PO4 Norm
5.0 142.4 2.5 1.0 109.0 27.0 1.0 1.0
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cultivation medium after 24 h exposition. However, for accurate corro-
sion rate value, longer exposition time would be necessary.

2.6. Indirect in vitro cytotoxicity test

Indirect in vitro cytotoxicity tests were performed according to ISO
10993-5 standard [22]. Murine fibroblasts L929 (ATCC® CCL-1™)
were seeded into 96-well plate in a density of 1 - 10* cells per well
one day prior to the test and were cultured at standard conditions in
MEM + 10% FBS. After one day, the medium was replaced by the centri-
fuged (1500 x g. 5 min, RT) extracts prepared as described in Section
2.4. Undiluted (100%) and diluted (50%) extracts were used. Sole
MEM + 5% FBS served as a control. After one day of incubation with
the extracts, cell metabolic activity was evaluated using WST-1 assay.
Cells were washed by PBS and 5% WST-1 (Roche) in MEM was added.
After 2.5 h of incubation, absorbance at 450 nm was measured. Mea-
surements were done in six replicates for each sample. Cytotoxicity of
the extracts was depicted as a percentage of metabolic activity of the
control. Extracts causing the decrease below 70% of the activity of the
control were considered cytotoxic, as described in the ISO standard.

2.7. Contact in vitro cytocompatibility tests

Both untreated and pre-incubated samples (5 mm in diameter
and 3 mm in height) prepared as described in Sections 2.1 and 2.2
were placed in six-well plates. Human osteosarcoma cells U-2 OS
(ATCC® HTB-96™) were resuspended in DMEM supplemented
with 10% FBS and seeded directly onto the samples. The seeding den-
sity was 24,000 cells cm 2. Human osteosarcoma cells U-2 OS were
used instead of L929 cells due to their closer resemblance to
osteoblasts.

After 24 h, the medium was removed and used for corrosion rate de-
termination described in Section 2.5 and the samples (four samples of
each type) were rinsed with PBS and fixed with 4% formaldehyde for
20 min at RT. Thereafter, nuclei were stained with DAPI and samples
were observed using Olympus AX70 Provis fluorescence microscope.
20 fields of view at magnification of 100 x were taken for each sample.
Number of nuclei was determined using Image] software.

After 24 h, samples (one sample of each type) were also fixed for
electron microscopy as described previously [23]. Samples were
rinsed with PBS and fixed with Karnovsky's fixative (2% formalde-
hyde, 2.5% glutaraldehyde and 2.5% sucrose in 0.2 M cacodylate buff-
er) for 1.5 h. Samples were then rinsed with 0.1 M cacodylate buffer
and dehydrated in series of ethanol (50%, 70%, 80% and 100%). Final-
ly, samples were covered with hexamethyldisilazane followed by
drying at 45 °C for 4 h. Before SEM analysis, samples were sputter
coated with gold (2 nm thick layer).

2.8. Statistical analysis

The results from corrosion studies and both indirect and contact
tests obtained with untreated and pre-incubated samples were com-
pared using Two Sample t-test in R software. p-Value > 0.05 was consid-
ered significant.

3. Results
3.1. Surface analysis of Zn1.5Mg alloy

The surface composition of Zn1.5Mg alloy before and after pre-
treatment in SBF for 14 days was examined using XPS (Fig. 1). P
and Ca were detected on the pre-incubated sample and their binding
energies clearly indicate that the surface was covered by a phosphate
layer (Table 2). A small peak representing calcium was also found in
the spectrum of the untreated sample. This is probably caused by the
contamination of zinc by Ca. In binding energy region up to 100 eV

Zn 2p

O1s

original surface

S
£
8
=
w
G
= after 14 days in SBF Cal2p
Ca|2s
P|2s
| g I ' | : | ’ | ’ I
1000 800 600 400 200 0

binding energy (eV)

Fig. 1. XPS spectrum for untreated and pre-incubated sample.

Zn, Mg, P and Ca peaks were not labelled in the figure. The binding
energy of the carbon peaks corresponded only to adventitious car-
bon contamination and no peaks are related to carbonates. On the
preincubated sample, zinc and magnesium were only detected in
the form of oxides or hydroxides. Because the analysis did not reveal
any of these metals in their elemental state, it can be assumed that
the layer of corrosion products is thicker than 10 nm, which is the
maximal resolution depth of the XPS analysis.

Table 2
Binding energies of elements detected by XPS.

Peak Untreated surface Pre-incubated surface
B.E. (eV) B.E. (eV)
Zn 2p3/2 1020.6 Zn - -
1022.2 Zn0 1022.4 ZnO
- _ 1023.9 Zn(OH),
Mg 2p3/2 50.1 Mg/MgO - -
Mg - - 50.9 MgO
Ca2p3/2 - - 347.6 Ca®* in Cas(P0O,),
P 2p3/2 - - 133.6 PO;~
Table 3

Surface chemical composition determined by XPS analysis (C not included).

Sample Element (wt.%)

Zn Mg 0] Ca P
Untreated 224 31.1 44.7 1.8 0
Pre-incubated 7.4 4.0 39.1 21.6 279
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Fig. 2. Surface morphology A) before and B) after pre-incubation in SBF.

The quantification of the surface composition (Table 3, contami-
nating carbon is not included in the analysis) showed a relatively
high amount of oxygen even in the case of the untreated sample. Ac-
cording to the binding energies (Table 2), oxygen corresponds to ox-
ides of the constituting metal elements, which is connected with
surface oxidation.

The surface morphology of Zn1.5Mg, before and after pre-treatment
in SBF, was also examined using SEM (Fig. 2). After pre-incubation, it
was possible to distinguish only small flaky precipitates composed of
Ca, P and O, as can be seen in EDS map in Fig. 3. In agreement with
XPS analysis, it can be concluded that these are calcium phosphates.
Continuous layer of corrosion products (Fig. 2B) is not visible, probably
because it is very thin to be detected by EDS. Nevertheless, point analy-
sis (Table 4) indicated that the calcium phosphates are not present only
within flaky particles but are forming the layer covering the entire sur-
face. However, it must be noted that quantitative evaluation is not very
accurate due to the both EDS resolution (the quantitative results are
strongly affected by surroundings of measured points) and also the par-
ticipation of O in analysis.

3.2. Corrosion rate

The corrosion rates of the pre-incubated and untreated Zn1.5Mg al-
loys were calculated from the ions released in extracts after one day of
incubation at 37 °C after indirect (closed vessels) and also after contact
tests (CO, atmosphere, decreased surface-to-volume ratio). Under both
conditions, the corrosion rates of the pre-incubated samples were sig-
nificantly lower than those of the untreated control (Fig. 4). After the
pre-incubation of the samples in SBF, the corrosion rate determined in
the CO, atmosphere was 0.019 & 0.011 mg cm ™2 day ™! compared to
0.052 + 0.010 mg cm™2 day ™' for the untreated control, which is 2.7
fold deceleration. Without the CO, atmosphere, the deceleration of the
corrosion rate of the pre-incubated samples was even more pronounced
(0.004 4 0.002 mg cm~2 day~ ' compared to 0.012 4 0.001 mg cm™ >
day™~! for untreated control, which is threefold reduction). Higher cor-
rosion rate in the presence of CO, was also observed in the case of
pure zinc [24]. The difference could be also ascribed to the changed sur-
face-to-volume ratio. pH values were also measured but changes in both
cases were negligible compared to the sole medium. We are aware of

Fig. 3. EDS maps of pre-incubated Zn1.5Mg sample with formed layer of corrosion products.
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Table 4 Table 5
EDS analysis of the surface after pre-incubation in SBF. Concentration of released Zn ions in concentrated extracts after one day.
Spectrum 0 Mg P Ca Zn Total pg ml—! umol 17!
1 Surface 3.89 1.26 0.91 0.81 93.13 100 Untreated control 10.5 + 0.8 160 + 12
2 Surface 4.74 1.37 0.55 0.55 92.78 100 Pre-incubated sample 32+17 49 + 26
3 Surface 22 0.51 0.46 043 96.4 100
4 Surface 344 2.52 047 047 93.09 100
5 Surface 3.86 0.53 1.02 1.24 93.35 100
6 Flaky 345 1 153 166 9237 100 9000
particle
7 Flaky 712 026 21 262 879 100 8000 =
particle 7000 - T
8 Flaky 18.29 0.9 16.19 16.44 48.18 100
particle 6000 -+

the fact that the corrosion rate (CR) determination from the released
ions can be affected by the corrosion products attached on the sample;
however, the determination of CR from the mass loss was not possible
due to the fact that we compared untreated and pre-incubated samples
and after removal of the corrosion layer the results would not be com-
parable. We were also interested in the ion release with respect to the
situation in the body.

3.3. Indirect in vitro cytotoxicity test

The indirect in vitro cytotoxicity test with a mouse fibroblast L929
cell line performed according to the ISO 10993-5 standard [22] clearly
showed that Zn1.5Mg pre-incubation in SBF led to enhanced
cytocompatibility of the alloy (Fig. 5). The extracts prepared from
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Fig. 4. Corrosion rate of the Zn1.5Mg alloy in cultivation media (MEM/DMEM) calculated
from released ions: error bars represent SSD from three replicates; asterisk stands for
p > 0.05.
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Fig. 5. Cytotoxicity of extracts of Zn1.5Mg alloys with and without pre-incubation depicted
as the metabolic activity of L929 cells compared to control (sole medium) after one-day
incubation with undiluted and diluted extracts: error bars represent 95% confidence
interval using three independent samples measured in hexaplicates.
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Fig. 6. Number of U-2 OS cells per cm? adhered on the untreated and pre-incubated
samples after one day of growth: error bars represent SSD from four replicates; asterisk
stands for p > 0.05.

untreated samples caused 100% cytotoxicity (determined as zero meta-
bolic activity), whereas the cells treated with extracts from pre-incubat-
ed samples had significantly higher metabolic activity. Considerable
standard error is caused by differences in corrosion rate within the rep-
licates. In the case of twofold diluted extract, the metabolic activity was
96 + 18% of the control, which is even higher than the minimal norma-
tive limit of 70% (dashed line). Cytotoxic effect was dependent on the Zn
concentration in the extracts (Table 5).

3.4. Contact in vitro cytocompatibility test

Compared to the untreated control, pre-incubation in SBF led to sur-
face changes that resulted in a significant increase (3.6 fold) in the num-
ber of U-2 OS cells adhered onto the samples after 24 h (Fig. 6). The cells
after one day of incubation directly onto the samples were also observed
by SEM. The number of cells on the untreated sample was lower and
cells were round (Fig. 7A, B). Cells grown on the pre-incubated sample
were more abundant and more spread (Fig. 7C, D), however, compared
to the control (cover slip, Fig. 7E, F), some cells on the preincubated
sample exhibited a rather unhealthy morphology - they were shrunk
and did not spread (Fig. 7C). This could be caused by the local concen-
tration of the zinc at the surface, which was low enough to allow cell at-
tachment, but still higher than desirable. This observation is in contrast
with Li et al. [18], who observed the normal morphology of ECV304 and
MG63 cells on Zn-1X alloys including Zn-1Mg. However, no direct com-
parison for U-2 OS cells is available.

Table 6
Solubility product constants of hydroxides and phosphates.

Compound Formula Solubility product constants
Zinc hydroxide Zn(OH), 3.107Y
Calcium phosphate Ca3(PO4), 2.07-10"3
Magnesium hydroxide Mg(OH), 56-10"'2
Zinc phosphate Zn3(POy4), 9.0-10"3
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Fig. 7. SEM images of U-2 OS adhered on untreated (A, B) and pre-incubated (C, D) samples after one day. Cover slip served as a control (E, F).

4. Discussion

Zn-based biomaterials are known to represent a viable alternative to
Mg-based materials for orthopaedic applications. Due to their low cor-
rosion rate, zinc-based materials are usually tolerated in vivo causing
no systemic toxicity [11,15,18]. Even if the highest corrosion rate ob-
served in this study (0.052 + 0.010 mg cm™2 day~! for untreated con-
trol in CO, atmosphere) is taken into account, a typical screw of 5 mm
diameter and 50 mm length made of zinc with a surface of 8 cm?
would release 0.4 mg of zinc per day. This would represent an insignif-
icant contribution to the oral intake and means that the RDA value
(11 mg/day for men and 8 mg/day for women, [13]) would not be
exceeded.

However, as we have shown, both previously [16] and in this study
(Section 3.3) concentrations much lower than RDA cause cytotoxicity
in vitro. It is known that the corrosion behaviour of Mg-based alloys dif-
fers in vivo and in vitro [5,20]. Thus, a similar problem can be expected in
the case of Zn-based alloys. As in the case of Mg-based alloys, one of the
reasons for this is probably the in vivo formation of the protective layer
composed of phosphates [5].

The formation of phosphates decelerated the corrosion rate, proba-
bly due to their lower solubility product constant compared to hydrox-
ides (Table 6). Another benefit is the bioactive behaviour of phosphates.
Calcium phosphates exist as components of hard tissues and positively
influence the adhesion and growth of bone cells on biomaterials [25].
Despite the incomparability of different types of materials, we can spec-
ulate that after pre-incubation in SBF, Ca/P layer formation could
achieve a similar effect in Zn-based alloys as in Mg-based alloys [26].
Gong et al. using EDS also observed that the corrosion layer of a Zn-
1Mg alloy after pre-incubation in SBF was mainly composed of Zn, O,
P, and Ca [17]. Interestingly, according to Bowen who performed ele-
mental mapping with EDS of a zinc stent, the calcium/phosphorus
layer is not thought to play a significant role in pure zinc bio-corrosion
in vivo [11]. However, no such analysis has been performed on Zn-
based alloys since Li et al. examined (XPS) the exact composition of
the corrosion layer formed on Zn-1X alloys after immersion tests, but
not after in vivo tests [18]. Nevertheless, the formation of a Ca/P rich cor-
rosion layer on Zn-based materials appears to be an advantage of zinc

alloys over, for example, iron alloys, where oxides are predominantly
formed [9]. It must be noted that the Ca/P-rich layer formation is prob-
ably only one of the factors that contribute to the discrepancy between
in vivo and in vitro results. Other factors could include surface exposi-
tion, fluid circulation and also the reactions with many aspects that
occur between the numerous compounds, proteins and amino acids
and these will be the objects of further research.

5. Conclusions

We prepared and pre-incubated the Zn1.5Mg alloy in SBF in order to
create the protective surface layer. Pre-incubation significantly de-
creased the initial corrosion rate of the alloy and increased metabolic ac-
tivity of L929 after indirect test as well as number of U-2 OS cell adhered
onto the surface of the alloy. We propose that this relatively simple pro-
cedure used for the samples prior to the in vitro tests mimics the spon-
taneous formation of the protective surface layer in vivo. This probably
decreases the ion release and subsequently also local toxicity and en-
hances initial cell adhesion in vivo. Although in vitro tests have limita-
tions and do not fully mimic the complexity of the body, the
economical and, more importantly, ethical questions justify their use
as preliminary testing prior to the tests on animal models. We believe
that our proposed treatment can reduce the discrepancy between in
vitro and in vivo results obtained with Zn-based alloys.
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mum Essential Medium (MEM), both with and without 10% of foetal bovine serum (FBS). Uniform degradation
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14-days immersion in all media used. Higher compactness of the corrosion layer formed on the samples after
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Iﬁ:;loersﬁm ECAP was responsible for the observed decrease of corrosion resistance, which was proven by scanning electron
Biodegradation microscope investigation. Lower corrosion rate in media with FBS was observed and was explained by additional
In vitro effect of protein incorporation on the corrosion layer stability. A cytotoxicity test using L929 cells was carried out
Cytotoxicity to investigate possible effect of processing on the cell viability. Sufficient cytocompatibility of the extruded sam-

Implant material ples was observed with no adverse effects of the subsequent ECAP processing. In conclusion, this in vitro study

proved that the degradation behaviour of the LAE442 alloy could be improved by subsequent ECAP processing

and this material is a good candidate for future in vivo investigation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium alloys are nowadays intensively investigated as a poten-
tial material for degradable implants [1,2]. Until now, a high number of
different Mg alloys have been investigated in different in vitro and in
vivo studies [3], from which LAE442 alloy (Mg-4Li-4AI-2RE, wt%) is
one of the most often investigated in vivo [4-11]. Relatively low and uni-
form degradation rate and no negative effect on the surrounding tissue
and internal organs make this alloy one of the most suitable Mg alloys
for orthopaedic applications. So far, all studies have been conducted
on as-cast and extruded material. Comparative in vivo studies with as-
cast LAE442 alloy showed superior performance compared to other al-
loys (AZ31, AZ91, WE43) after 18 weeks of implantation period [4,5].
However, gas cavities of evolved H, were observed in the surrounding
tissue as a result of too rapid degradation rate. Improved in vivo degra-
dation behaviour was found in the material after subsequent extrusion.
A decrease of degradation rate and no presence of gas cavities after
12 weeks of implantation period were reported [6]. It was concluded
that grain refinement and homogenization of alloying elements rich

* Corresponding author.
E-mail address: peter.minarik@mff.cuni.cz (P. Mindrik).

http://dx.doi.org/10.1016/j.msec.2016.12.120
0928-4931/© 2016 Elsevier B.V. All rights reserved.

secondary phases were responsible for such improvement. Moreover,
long-term in vivo studies showed superior degradation behaviour of ex-
truded LAE442 alloy after 6 months [7] and 12 months [8] of implanta-
tion period in a rabbit model. Furthermore, the LAE442 alloy was found
to have lower degradation rate than the WE43 alloy, which is currently
considered as one of the most promising ones. The WE type alloy
MAGNEZIX® is the first absorbable alloy which obtained the CE marking
of Medical Devices for medical applications within Europe [12]. The sig-
nificance of the LAE442 alloy in the orthopaedic implant research has
been proven by a comprehensive in vivo study, in which degradation
behaviour of intramedullary interlocked nailing system implanted in
an adult sheep for 24-week period was investigated [9]. After a thor-
ough investigation of implant volume development, ex vivo mechanical
and histological examinations and elemental analyses of alloying ele-
ments in inner organs, the authors concluded that the extruded
LAE442 alloy can be considered as a suitable degradable implant mate-
rial. Additionally, the beneficial effect of grain refinement on the in vivo
corrosion of the LAE442 alloy was demonstrated after implantation of a
single extruded and a double extruded material into rabbits [10].

As mentioned, decrease of the degradation rate of the LAE442 alloy
was observed after subsequent extrusion, which led to decrease of the
grain size and more uniform distribution of secondary phases in the
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material. It was reported that even further improved grain refinement
could be achieved in the LAE442 alloy after subsequent equal channel
angular pressing (ECAP) [13]. Uniform distribution of equiaxed grains
of ~1.5 ym in diameter and much more uniform distribution of second-
ary phases was observed after 12 passes through ECAP. ECAP was al-
ready found to be an effective method to increase corrosion resistance
of different magnesium alloys [14-16]. Therefore, further increase of
the corrosion resistance of the LAE442 alloy is expected when compared
to the extruded samples. Moreover, substantial increase of the yield
strength was observed in the fine-grained samples of the LAE442 alloy
after ECAP [17]. Increase in mechanical strength could have beneficial
effect on minimizing the implant size, which is important in particular
applications. Furthermore, substantial grain refinement had a positive
effect on the fatigue resistance, which was found to be possibly insuffi-
cient in the extruded samples of the LAE442 alloy [18]. Therefore, the
ECAP processing of LAE442 alloy may enhance the degradable proper-
ties of the implant even further. To the best of our knowledge, the pres-
ent study is the first one that aims to investigate the effect of ECAP on
the in vitro degradation behaviour of the LAE442 magnesium alloy.

2. Experimental methods
2.1. Material

The investigated material was an extruded magnesium alloy LAE442
with the composition of 4.03 wt% Li - 3.56 wt% Al - 0.76 wt% La -
0.44 wt% Nd - 1.26 wt% Ce - 0.15 wt% Ca - 0.18 wt% Mn -
< 0.0001 wt% Fe - <0.002 wt% Cu - <0.0002 Ni and balance Mg. Extru-
sion was performed at 350 °C with an extrusion ratio of 22. Billets with
the dimensions of 10 x 10 x 100 mm? were machined from the extrud-
ed bars and processed by ECAP. The ECAP processing direction was par-
allel to the extrusion direction. The processing was performed up to
twelve passes (12P) following route B¢ [19] in the temperature range
0f 185-230 °C and ram speed of 5-10 mm-min~ .. The angle © between
two intersecting channels and the corner angle ¥ of the ECAP die were
90° and 0°, respectively. The samples of LAE442, which were extruded
only, are designated Ex and the samples of LAE442, which were extrud-
ed and subsequently processed by ECAP, are designated 12P throughout
the article.

2.2. Microstructure analysis

Microstructure of the specimens and corrosion layers after corrosion
exposure were observed by scanning electron microscope (SEM) Zeiss
AURIGA equipped by electron back scattered diffraction (EBSD) detec-
tor and energy-dispersive X-ray spectroscopy (EDS). Samples for micro-
structure observation were mechanically polished down to 50 nm
alumina solution. Additional ion polishing was performed for EBSD
specimens using Gatan PIPS™,

2.3. Corrosion in NaCl

Initial corrosion resistance of the studied samples was investigated
by electrochemical impedance spectroscopy (EIS). The measurement
was performed using three-electrode setup and controlled by the
potentiostat AUTOLAB 120 N. Samples were cut perpendicular to the
processing direction and exposed surface was ground with SiC1200
(15 pm) prior to each measurement. The measurement was performed
in 0.1 M NaCl solution after 5 min of stabilization. EIS tests were execut-
ed at room temperature in the frequency range of 100 kHz-20 mHz with
10 mV amplitude with respect to the open circuit potential (OCP). Addi-
tional rotation of 1000 rpm was introduced to obtain better homogeni-
zation of the measurement. At least five measurements were performed
for each sample/condition.

Hydrogen evolution was measured in 0.1 M NaCl solution at room
temperature for one week of immersion. Samples with dimensions

8 x 8 x 3 mm® were cut from the extruded and 12P bars. Subsequently
they were ground (SiC1200, 15 pm) in ethanol in order to remove nat-
urally occurring corrosion layer, measured and weighted.

2.4. Corrosion in biological media

Corrosion performance in biological media was investigated in
Kirkland's biocorrosion medium (KBM, prepared according to [3] and
buffered with NaHCO3), in KBM + 10% FBS, in MEM (Sigma no.
MO0446) and MEM + 10% FBS. The ionic composition of both media in
comparison with human plasma is given in Table 1. Samples with di-
mensions of 6 x 6 x 1.5 mm°> were cut from extruded and 12P bars. Be-
fore the tests, samples were ground (SiC1200, 15 pm) in ethanol in
order to remove naturally occurring corrosion layer, measured, weight-
ed and sonicated two times for 15 min in 96% ethanol. Three and two
replicates of each sample type were used for corrosion rate determina-
tion and for corrosion layer examination, respectively. Samples were
immersed into 40 ml (S/V ~ 2.8 mm?/ml, i.e. V/S = 36 ml/cm?) of
media in falcon tubes with vented caps (Corning) and incubated in 5%
CO, atmosphere at 37 °C on an orbital shaker for 14 days.

After 14 days, the medium was removed and concentration of re-
leased Mg was measured using Atomic absorption spectrometer (AAS,
Varian 220), while the pH of media was also recorded. Samples were
immersed into a mixture of H,CrO4, AgNO5 and BaSO4 for 60 min at
room temperature in order to remove the corrosion products. After dry-
ing, samples were weighted.

Corrosion rate (CR) was determined from the mass loss and was
expressed in mg/cm?/day. The corrosion rate was calculated using fol-
lowing Formula (1):

Am
R=4= (1)

CR: corrosion rate (mg/cm?/day), Am: weight change in milligrams, A:
surface area in cm?, t: immersion time in days.

2.5. In vitro cytotoxicity testing

In vitro cytotoxicity of extracts (indirect test) was tested according to
ISO 10993-5 standard. Samples (6 x 6 x 1.5 mm?) were sterilized in eth-
anol for 2 h and then dried. Various surface-to-volume ratios and pe-
riods of incubation were used. In the first case, samples were
immersed into 1 ml (S/V = 100 mm?/ml) of cultivation media (MEM,
Sigma M0446) without FBS, which is surface-to-volume ratio closer to
that recommended in ISO 10993-12 standard. Samples were agitated
on an orbital shaker (125 rpm) at 37 °Cfor 1 day. Thereafter, the extracts
were centrifuged (5 min, 1500 x g), supplemented with 10% FBS and
immediately used for cytotoxicity testing. Three samples from each
type (Ex and 12P) were used. Meanwhile, L929 cells (murine fibro-
blasts, ATCC® CCL-1™) were seeded into 96-well plates (100 pl/well)
in the density of 1 x 10° cells/ml and incubated at 37 °C for 24 h in

Table 1
Tonic concentrations of KBM prepared according to [3] and of MEM + 10% FBS in compar-
ison with human plasma.

Medium KBM MEM Human plasma
Component Concentration [mmol/I]

c- 102.5 126.9 103
Na* 1203 143.6 142
ca?* 2.5 1.8 2.5
K* 5.1 54 5.0
Mg?+ 0.5 0.8 1.5
HPO3 ™~ 0.9 1.0 1.0
el 0.5 0.8 0.5
HCO03~ 26.2 26.2 22-30
Glucose 5.0 5.6 5.0
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Fig. 1. EBSD micrographs of a) LAE442 Ex and b) LAE442 12P.

MEM + 10% FBS to allow cell adhesion. Thereafter, medium was re-
placed by the extracts in MEM medium with 10% FBS. MEM with 10%
FBS only was used as a negative control.

In the second case, the conditions were more appropriate for magne-
sium alloys - i.e. higher amount of media for extraction and longer ex-
traction time to simulate prolonged exposition of the samples in the
body. Therefore, samples were immersed into 6 ml (S/V = 17 mm?/
ml) of cultivation media (MEM, Sigma M0446) supplemented with 5%
FBS and agitated on an orbital shaker (125 rpm) at 37 °C for 3 and
also for 7 days. The decreased concentration of FBS was chosen accord-
ing to ISO 10993-5 (higher concentration of FBS can mask the toxicity of
the extracted substances). Three samples from each type (Ex and 12P)
were used. Thereafter, the extracts were immediately used for cytotox-
icity testing. Meanwhile, L929 cells were seeded into 96-well plates in
the density of 1 x 10° cells/ml or 0.4 x 10° cells/ml and incubated at
37 °Cfor 24 h in MEM + 10% FBS to allow cell adhesion. Consequently,
medium was replaced by the extracts in MEM medium with 5% FBS.
MEM with 5% FBS only was used as a negative control.

The evaluation of the test was the same in both cases. After one and
four days of incubation with the extracts, the cells were washed with
phosphate buffer saline (PBS) and incubated with WST-1 reagent (5%
WST-1 in MEM without phenol red) for 2.5 h. The yellow formazan
product created by metabolic reduction was photometrically quantified
using an ELISA reader at the absorption wavelength of 450 nm. Cytotox-
ic effect was depicted as a decrease in metabolic activity compared to
the negative control. Cytotoxic measurement was done in 6 replicates
for each sample. The limitary value of cytocompatibility was set as
70% of metabolic activity of the untreated control (ISO 10993-5).

The results from corrosion studies in various media for the samples
after extrusion and after additional ECAP processing were compared
using ANOVA followed by Tukey's honest significance test in R software.
A p-value < 0.05 was considered significant.

3. Results
3.1. Microstructure

EBSD micrographs of the investigated alloy after extrusion and
twelve passes through ECAP are presented in Fig. 1. The initial micro-
structure of the extruded material was formed by fully recrystallized
equiaxed grains with the average grain size of 21 um. The severe plastic
deformation introduced to the material during processing through
ECAP resulted in substantial grain refinement. Homogenous microstruc-
ture with uniform distribution of fine grains with average grain size of
1.7 um was observed in the case of the 12P sample. Thorough character-
ization of the microstructure evolution, together with detailed analysis
of the secondary phases, of the LAE442 alloy processed by ECAP is
shown elsewhere [13]. Nevertheless, substantial fragmentation and ho-
mogenization of distribution of the secondary phase particles within the
matrix after ECAP should be noted, as depicted in Fig. 2.

3.2. Corrosion in NaCl
The effect of ECAP processing on the degradation behaviour of the

LAE442 alloy was first investigated in 0.1 M NaCl salt solution. The initial
corrosion attack after 5 min of immersion was studied by EIS. The

Fig. 2. Secondary phase particles distribution in a) LAE442 Ex and b) LAE442 12P (SEM, plane parallel to extrusion and ECAP direction).
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Fig. 3. Bode plots for the extruded and 12P sample, measured in 0.1 M NaCl solution after
5 min of stabilization (full symbols — magnitude, empty symbols - phase angle).

results are shown in the form of Bode plot as Fig. 3. The resulting values
of total polarization resistance Rp were calculated as 142 + 4 O cm? and
202 + 14 O cm? for the extruded and 12P samples, respectively. The
analysis of EIS data is shown in detail elsewhere [16]. The corrosion re-
sistance resulting from EIS analysis was found to be much higher in the
12P sample than in the Ex one. Higher corrosion resistance of the 12P
sample in the 0.1 M NaCl solution was observed also using hydrogen
evolution measurement, as depicted in Fig. 4. This method was
employed in order to observe the evolution of the degradation rate
over a one-week immersion. After one day of incubation period, volume
of evolved hydrogen as a function of time was linear in both samples.
Corrosion rate calculated from the linear part of the plot was 2.87 +
0.03 mg/cm?/day and 2.49 + 0.02 mg/cm?/day for the Ex and 12P sam-
ples, respectively.

3.3. Corrosion in biological media

In order to investigate the degradation rate in biological media, four
types of solutions were used. KBM was chosen as a simulated body fluid

25
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Fig. 4. Volume of hydrogen gas evolved as a function of immersion time in 0.1 M NaCl
solution.
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Fig. 5. Corrosion rate of LAE442 calculated from mass loss [mg/cm?/day] after 14 days in
40 ml of media (KBM or MEM, with or without 10% FBS) in 5% CO, (error bars represent
standard deviation, *** stands for p < 0.001).

(SBF) because, as mentioned in [3], it closely reflects ionic composition
of the human plasma, especially concentration of CI~ (contrary to other
SBFs). Minimal essential medium (MEM) + 10% FBS was chosen as a
cultivation medium and was also used for in vitro cytotoxicity testing
of the investigated samples. In order to study the influence of FBS,
KBM + 10% FBS and MEM without FBS was also used. Both the Ex and
12P samples were immersed into all solutions for 14 days. Afterwards,
corrosion rate from mass loss was calculated. The results are presented
in Fig. 5. The lowest degradation rate was found for 12P samples im-
mersed in KBM + 10% FBS. Importantly, the 12P samples had lower cor-
rosion rate than the Ex samples in all investigated media. It is important
to note that after the immersion period, pH of each solution was below
7.6 for all tested samples and experimental setups.

3.4. Analysis of the corrosion layer morphology and composition

To better understand the reason for the differences in the degrada-
tion rate between investigated samples and different media, SEM im-
ages of the surfaces after the immersion were taken, see Fig. 6. The
major difference in the observed corrosion layers formed on Ex and
12P samples was between the immersion in KBM and in other media.
The samples immersed in KBM had rough surface with advanced disin-
tegration, while in the other media, the corrosion layers had a dry,
cracked earth structure. Generally, there was a major difference be-
tween the Ex and the 12P sample. The surface layers formed on the
12P samples were more compact after corrosion in all media. In KBM,
this difference is primarily due to deeper and more pronounced cracks
in the extruded sample. In MEM, we observed advanced disintegration
of the surface layer formed on the Ex sample contrary to the 12P sample.
In case of both media with FBS addition, the difference between the ex-
truded and 12P sample is mainly due to significantly higher density of
cracks of the compact surface layer observed on the Ex sample.

Not only the morphology of the corrosion layers formed in KBM and
the other media were different, but there were also significant differ-
ences in their composition. Substantially higher content of Mg was ob-
served in the layer formed in KBM, while in the other media, high
content of Ca and P was measured. Calcium phosphate (CaP) com-
pounds preferentially nucleates on Mg(OH), [20], therefore differences
between Mg and Ca + P concentration indicate a limited stability of CaP
on the samples immersed in KBM media but much better stability in all
other media. In MEM, comparable ratio between Mg(OH), and CaP was
observed. Composition of the corrosion layer was quite homogeneous
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Fig. 6. Corrosion layers formed on the surface of the investigated samples after 14-days immersion in different biological media.

throughout the surfaces of all studied samples, and there was no signif-
icant difference between the extruded and 12P samples immersed in
the same media. Table 2 shows composition difference between the cor-
rosion layers formed on the 12P samples immersed in different media.

3.5. In vitro cytotoxicity testing

The metabolic activity of the L929 cells was not altered after expo-
sure to the extracts of tested samples (Fig. 7); moreover, the relative
cell viability was far above 70% limit stated in ISO standard. There
were no differences in the cell response using various extraction
media, extraction volumes, extraction periods or cultivation periods.
Most importantly, there was no difference in cytotoxicity between the

samples before and after ECAP processing. We can therefore assume
that the cytocompatibility of LAE442 alloy in extruded state is sufficient
and that additional ECAP processing has no adverse effects on the
cytocompatibility of this alloy.

4. Discussion
4.1. Corrosion in NaCl

Increase in the corrosion resistance after ECAP was already observed
in a number of magnesium alloys, as mentioned above. The major rea-
son was found to be a combination of better distribution of corrosion
layer stabilizing alloying elements through the material, together with
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Table 2
Elemental composition of the corrosion layers formed on the 12P samples after 14 days of
immersion in different media.

at.% KBM KBM + 10%FBS MEM MEM + 10%FBS
(0] 61.6 + 04 58.8 + 0.2 59.7 +£ 0.6 585+ 0.7

Na 1.8+03 20+0.1 1.2+02 14+03

Mg 16.0 + 04 8.0+ 0.1 11.7 £ 0.8 75+03

Al 73 +£0.1 24 +0.1 33+03 24403

P 6.8 +0.2 131+ 0.1 114+ 03 133 + 0.6

al 0.5+ 0.1 02+0.1 04+ 0.1 0.1+0.1

Ca 6.0+ 03 15.7 £ 0.1 123 + 06 16.6 + 0.3

reduced grain size [16,21]. The decrease in the grain size has two major
impacts on the corrosion behaviour. Higher density of lattice defects
leads to an increased severity of the corrosion attack, but it also leads
to a decrease in the mismatch between the corrosion layer and matrix.
Therefore, a decrease in the corrosion layer cracking occurs [22]. As a re-
sult, more stable protective surface films form faster [16]. Aluminium
contained in the investigated alloy is an element that could positively
affect corrosion resistance, as shown previously [21,23-25]. Aluminium
oxides tend to fill pores of the porous Mg(OH), corrosion layer and in-
crease its protection ability. Nevertheless, it should be noted that the
concentration of aluminium must exceed a certain threshold level in
order to enhance the corrosion resistance after ECAP [16]. Similar func-
tionality of lithium was also previously reported. Li(OH) corrosion prod-
ucts increased corrosion resistance due to the deposition within the
porous surface layer [26-29]. However, the detection of Li(OH) is exper-
imentally challenging and its deposition within the corrosion layer of
the LAE442 alloy has not been proven yet. Nevertheless, the increase
of the polarization resistance of the LAE442 alloy after ECAP was much
higher than the increase previously observed in the lithium free AE42
alloy, which was measured under the same conditions [16]. Therefore,
faster formation of corrosion layer stabilized by Al oxides together
with Li hydroxides in the 12P sample explains higher corrosion resis-
tance achieved in the LAE442 alloy compared to the AE42 alloy. The sig-
nificant increase of the corrosion resistance after ECAP in the LAE442
alloy was therefore achieved by i) better distribution of Al-rich second-
ary phases due to fragmentation (Fig. 2), similar as observed in the AE42
alloy, ii) formation of fine distribution of aluminium rich particles with-
in the matrix [13] and possibly iii) the enhancing effect of Li. Combina-
tion of all these factors resulted in faster formation of more stable
protective surface film.

140

= = 70% of viability of control (110 3day extract-4day incubation 5%FBS
EZA1day extract-1day incubation 10%FBS [ 7day extract-1day incubation 5%FBS
120 E=3day extract-1day incubation 5%FBS 7day extract-4day incubation 5%FBS

S i

100}

percent of viability of the control
NIV
NN
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Fig. 7. Metabolic activity of L929 after 1-day or 4-day exposition to LAE442 extracts
prepared using various media and extraction periods. Dashed line stands for the cut-off
between non-toxic and toxic response. Error bars represent sample standard deviation
from six replicates.

Higher corrosion resistance of the 12P sample was observed not only
immediately after the immersion, as demonstrated by the hydrogen
evolution measurement. The linear character of both plots indicates uni-
form degradation in both investigated samples after one day of immer-
sion. Higher corrosion rate of the extruded sample is directly visible
from the higher volume of evolved hydrogen. This hypothesis is sup-
ported also by the values of the calculated corrosion rates. The higher
corrosion resistance found in the 12P sample together with the uniform
degradation in 0.1 M NaCl solution is an important information that pre-
destines this material for subsequent corrosion tests in biological media.

4.2. Corrosion in biological media

Degradation behaviour in biological media was investigated using
immersion tests and corrosion rate was calculated from mass loss eval-
uation. Corrosion rate was significantly (p < 0.01) lower in the presence
of 10% FBS for both types of samples in both media used (KBM and
MEM). 10% FBS corresponds approximately to the protein concentration
of 3.2-7 mg/ml. Our observation is in a good agreement with the pub-
lished data [30] where lower corrosion rate of pure magnesium in the
presence of FBS was observed. Kirkland and Birbilis observed even
three times lower corrosion rates of various magnesium alloys in
MEM + 10% FBS compared to sole MEM [3]. This can be explained by
the formation of more uniform, thicker and more protective layer
resulting from protein adsorption [3], since proteins readily interact
with Mg divalent ions [31]. More stable and protective layer was also
observed by SEM of samples immersed in both media with FBS, see
Fig. 6. Adding 10% of FBS into the KBM resulted in a significant change
of the corrosion layer character, while in the case of the MEM, the differ-
ence was not so pronounced. Nevertheless, in the case of both media
EDX analysis showed (Table 2) that the addition of FBS led to an in-
crease of stability of CaP on the surface, which has higher protection
ability than the sole Mg(OH),. Therefore, it is assumed that the higher
stability of the corrosion layer formed in both media with FBS led to
the higher corrosion resistance of the samples.

Corrosion rate was significantly (p < 0.05) lower in KBM than in
MEM. This is probably caused by slightly higher concentration of CI™
in MEM (Table 1). As mentioned in [3], higher concentration of CI™ ac-
celerates the corrosion rate of Mg alloys.

The most important result is that the corrosion rate after ECAP pro-
cessing was significantly (p < 0.001) lower in all used media, which is
consistent with results obtained by EIS and H, evolution in NaCl. Inves-
tigation of the corrosion layers by SEM has shown higher stability of the
corrosion layer formed on 12P samples in all used media, when com-
pared to the extruded ones. Therefore, microstructure of the studied
samples had a direct impact on the stability of the corrosion layer, as
discussed above in Section 4.1. After ECAP, the density of cracks sub-
stantially decreased. This is in accordance with the previous results,
which point out that substantial grain refinement leads to a decrease
of the mismatch between the corrosion layer and the matrix, resulting
in increase of the corrosion layer protection ability [21].

The pH values of media after the immersion period were below 7.6
for all tested samples and solutions. Thus, crucial requirement for main-
taining the physiological pH range (7.4-7.6), as recommended in [3],
was complied. This is important, because higher pH generally results
in more stable and protective CaP surface film that could significantly
decrease the corrosion rate of the studied material, and subsequently af-
fect the results.

4.3. In vitro cytotoxicity testing

Under the selected conditions, we observed no cytotoxic effect of ex-
tracts prepared from LAE442 after both types of processing. Our results
indicate that even the extruded state of the LAE442 alloy has a sufficient
cytocompatibility, which is in agreement with previously published ob-
servation [32] where the cytocompatibility of extruded magnesium
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alloys with Li, Al and RE was studied. The relative viability of ECV304
and VSMC cells after one-day incubation with extracts of Mg-3.5Li-
4AI-2RE exceeded 70%. In another study, in vitro cytotoxicity tests
with an extruded LAE442 alloy were performed [18]. Only slightly re-
duced viability (70% viability of the control) of L929 cells after incuba-
tion with 100% (undiluted) extracts of the extruded LAE442 alloy was
observed. This could be caused by a smaller extraction volume used.
As mentioned in the introduction, as-cast and extruded LAE442 alloy
were also tested in vivo and were clinically well tolerated. Therefore, a
positive influence of ECAP processing on in vivo behaviour can be
assumed.

5. Conclusions

We have demonstrated that the ECAP processing decelerates the
corrosion rate of the LAE442 magnesium alloy not only during short-
term electrochemical experiments in NaCl, but also in longer-term ex-
periments in more complex biological media, such as Kirkland's
biocorrosion medium and Minimum Essential Medium, both with and
without the addition of 10% FBS. Thus, it is concluded that ECAP process-
ing can be used to improve corrosion resistance of the LAE442 magne-
sium alloy as a material for temporary orthopaedic implants. These
results, together with our successful in vitro cytotoxicity tests, let us to
conclude that future work should focus on in vivo corrosion testing
and biocompatibility of LAE442 after ECAP.
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