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Uvod

Predkladana habilita¢ni prace shrnuje veskeré moje dosavadni védecké aktivity, jejichz
vysledkem byla publikace v odbornych Casopisech. Protoze vSak moje dosavadni védecka
kariéra byla pon¢kud heterogenni, obsahuje prace publikace na rizna témata, kterd sice vzdy
souviseji s fyzikalni chemii, ale maji mnohdy ptfesah do oblasti biofyziky a biochemie. Vedle
fyzikalni chemie, z niZ jsem ziskal doktorat roku 2000, jsem totiz vystudoval jesté¢ magisterské
studium biochemie a tomuto oboru jsem se vénoval i béhem svého cca desetiletého plisobeni
v komer¢ni oblasti v prvni dekad¢ tohoto stoleti. VEétSina mych praci s piesahem do biochemie
se vSak vénuje tématim fyzikdlnéchemickym jako je enzymova kinetika nebo rovnovahy

v roztocich oligomernich proteint.

Z dtvodi uvedenych vyse se tedy zahrnuté publikace vénuji tématim ne zcela tzce
souvisejicim, protoze nektera z téchto témat pochazeji jesté¢ z doby mého studia, jina vznikla
v dobé mého komercniho pisobeni, kdy jsem na Céastecny tvazek pracoval na katedie
biochemie PfF UK, a dals$i az po mém nastupu na FT UTB ve Zlin¢ v roce 2011. Proto ani
nebylo mozno shrnout v§echna dil¢i témata pod jeden zastiesujici nazev prace. Z tohoto divodu
jsem nazev zvolil tak, aby odpovidal tématim, jimz se aktualn& vénuji se svoji skupinou
spolupracovnikl a studentl. TfebaZe i zde jde o dva oddélené sméry z4jmu, jejich spolenym
jmenovatelem je vliv vnéjSiho prostfedi na biologicky aktivni makromolekuly, tedy na jejich
strukturu a dynamiku v roztocich. V prvnim piipad€ jde o vliv vysokého tlaku na molekuly
proteinti, ktery je vyuZivan jako dal§i nezavisla termodynamickd proménnd umoZiujici
roz$ifeny experimentalni pohled na proteinové molekuly. V ptipadé druhého tématu se jedna o
vliv sloZeni roztoku na chovani molekul kyseliny hyaluronové a jejich derivati. Toto druhé
téma, v souCasné dob¢ celosvétové atraktivni, je hlavnim smérem mého soucasného
badatelského z4jmu. V jeho ramci se naSe skupina vénuje teoretickym simulacim zminénych
molekul v roztocich vodnych i nevodnych metodou molekulové dynamiky, pficemz ovSem
spolupracujeme i s experimentalnimi skupinami ve spolecnosti Contipro a.s. Ob¢ tato témata

jsou pojata pon¢kud §ifeji a jsou v textu zatazena jako prvni.

Pro ptedstaveni svych ostatnich odbornych z4jmu jsem vSak doplnil i dalsi publikované
prace z ptedchoziho i soucasného obdobi, které s hlavnim tématem habilitacni prace souviseji
pouze okrajové, ptipadné jsou tematicky odlisné. Tyto prace se tykaji témat enzymové kinetiky
jedno- 1 vicesubstratovych reakci, kterd ma ptesah i do oblasti vyzkumu proteint za vysokého

tlaku. Dale jde o sméry zahrnujici vyvoj i teoreticky popis aplikaci metody polymerazové



fetézové reakce (PCR), zahrnujicich sekvenaci DNA, aplikace kvantitativni PCR 1 syntézu
genl. VSechny tyto biochemicky zaméfené prace v sobé obsahuji rovnéz metodiky exprese a
purifikace rekombinantnich proteind, jiz jsem se vénoval i v rdmci svého komer¢niho plisobeni.
Konecné jsou v habilitacni praci zatazeny 1 moje nejstarsi odborné publikace z oblasti kvantové
chemie, které se zabyvaji piedevSim vypocty rozptylu elektroni na molekulach, ale také
vypocty reakénich mechanismi radikalovych reakcei a vypocty konstant charakterizujicich vliv

substituentli pro metodu QSAR.

Publikace zahrnuté do této habilitatni prace jsou rozd€leny do tematickych skupin a
jsou vzdy uvedeny pred komentarem k dané oblasti. Aby byly odliSeny od ostatnich citovanych
praci, jsou oznaceny zkratkami P1 — P20, pod nimiz figuruji v textu. Kromé toho jsou vSak

oznaceny i ¢islem spole¢né s jinymi citacemi a jsou uvedeny v piehledu literatury.

Motivace

Téma vlivu vnéjsiho prostfedi na biologicky aktivni makromolekuly jsem pro tuto préci
zvolil z divodu mého dlouhodobého zaujeti jevy s nim souvisejicimi. Zejména v rdmci svého
biochemicky zaméteného plsobeni jsem neustdle narazel na problémy vyvolané i pomérné
malymi zménami vnéjSich fyzikalnich podminek i slozeni roztokti. Ty se projevovaly
predevsim v oblasti exprese a purifikace rekombinantnich proteind, kde ¢asto i mald zména
sloZeni roztoku zptlisobila vyraznou zménu v rozpustnosti proteinu, ¢imzZ jeho izolaci n¢kdy
zjednodusila, jindy naopak zcela znemoznila. Zmény pH, iontové sily, polarity roztoku, a
v neposledni fad¢ teploty vSak ovliviiuji nejen oblast rozpustnosti ¢i sraZeni proteintl, ale 1
disociaci podjednotek oligomernich proteint, unfolding (rozpad terciarni struktury) ¢i drobnéjsi
konformac¢ni zmény ovlivitujici vazbu ligandi ¢i enzymovou aktivitu. Vyraznym piikladem
disledku téchto vlivl, s nimZ jsem sam pfisel do styku, je nejednoznacnost vysledki méfeni
rovnovazné konstanty disociace dimeru HIV-1 proteinasy, které riznymi autory uvadény
odliSn¢ vrozmezi mnoha tadi. Pravdépodobnym divodem piitom byly pravé odlisné

podminky jednotlivych stanoveni, nesporny vliv vSak jisté méla také riznost metodiky méfeni.

Posouzeni vlivu vngj$iho prostfedi na molekuldrni strukturu a funkei je sice ¢astecné
proveditelné na zékladé¢ dlouhodobé chemické zkuSenosti a zni vyvozenych empirickych
pravidel, systematicky popis téchto jevii vS§ak moZny neni, a patrné€ ani v dohledné dobé nebude.

Vzijemné interakce mezi jednotlivymi molekulami totiZ tvoii natolik komplexni systém, Ze



v ném 1 relativné mala zména jak na strané¢ makromolekuly, tak na strané prostfedi, mize
vyvolat zdsadni zménu chovani systému. Markantnim piikladem je chovani proteint
v roztocich riznych soli, jak je pted vice nez sto lety popsal prazsky rodék Franz Hofmeister,
které se pro jednotlivé soli vyznamné lisi, tiebaze se nelisi zadné makroskopické parametry
roztoku vcetné jeho iontové sily. Ve svych dosavadni pracich jsem se proto zamétoval na
takové systémy, u nichz je bud’ jednoduse popsatelny externi vliv, nebo obsahuji molekuly
strukturné jednodussi nez molekuly proteinti. K prvnimu ptipadu patii vyzkum disocia¢nich
rovnovah oligomernich proteinii za vysokého tlaku. Tlak zde vystupuje jako jednoduse
popsatelny externi vliv umoznujici posun rovnovah do koncentra¢nich oblasti umoznujicich
lepsi experimentalni odezvu, ¢ehoz jsme vyuzili pfi studiu dimerizace HIV-1 proteinasy. Do
druhé skupiny praci potom patii vyzkum chovani molekul kyseliny hyaluronové a jejich
derivati v riznych vodnych a nevodnych prostfedich metodami vypocetni chemie. Tento
biopolymer, jakkoli stale dosti komplexni, je molekulou strukturné podstatn¢ jednodussi nez
proteiny, proto je snazsi vlivy prostfedi pochopit a vzajemné odlisit. V simula¢nich metodach
lze navic jednoduse meénit nejen prostfedi, ale i1 studovanou molekulu definovanym
ptipojovanim vhodnych substituentli, coz umozinuje systematicky popis externich vlivl. Kromé
samotné zajimavosti a odborné relevantnosti studia téchto jevil pfispiva atraktivité tématu i
okolnost, Ze kyselina hyaluronova je technologicky vyznamnym polymerem, takze vysledky
naSeho zkouméani mohou mit vliv na ndvrh pokrocilych materidlti typu nosicli 1é¢iv nebo
tkanovych nahrad, jakoZ i1 na vyvoj syntetickych metod jejich pfipravy. Proto toto téma

momentalné tvoii hlavni napli vyzkumného zajmu mne samotného i moji vyzkumné skupiny.



Komentar k souboru publikovanych praci

1. Struktura a dynamika molekul kyseliny hyaluronové v riznych

prostiedich metodou molekulové dynamiky
Publikované prace

P1 M. Ingr, E. Kutalkov4, J. Hrn¢itik, Hyaluronan random coils in electrolyte solutions-
a molecular dynamics study, Carbohydr. Polym. 170 (2017) 289-295. [1]

P2 E. Kutalkova, J. Hrncitik, R. Witasek, M. Ingr, Effect of solvent and ions on the
structure and dynamics of a hyaluronan molecule, Carbohydr. Polym. 234 (2020)
115919. [2]

P3 E. Kutalkova, J. Hrncitik, R. Witasek, M. Ingr, G. Huerta—Angeles, M. Hermannova,
V. Velebny, The rate and evenness of the substitutions on hyaluronan grafted by
dodecanoic acid influenced by the mixed-solvent composition, Int. J. Biol.

Macromol. 189 (2021) 826-836. [3]

Kyselina hyaluronova (HA) je pfirodni polysacharid tvofeny pravidelné se opakujicimi
monosacharidovymi zbytky kyseliny glukuronové a N-acetylglukosaminu. Monomerni
jednotku tedy tvofi jejich dvojice, jejiZ struktura je zndzornéna na obr. 1 a lze ji popsat vzorcem
[4)-B-D-GlepA-(1—3)-B-D-GlepNAc-(1—]n. Vyskytuje se v pojivovych tkanich obratlovci,
kde tvofi vyznamnou soucast mezibunééné hmoty. Vzhledem k hodnoté¢ pH v téchto
prostiedich se zde vyskytuje jako stl, proto se pro ni pouziva také nazev hyaluronan. Jde o silné
hydrofilni polymer hojné vyuZivany v kosmetice a farmacii pro jeho pfiznivé vlastnosti pro
regeneraci pokoZzky a hojeni ran [4]. Pro svoji biokompatibilitu byva také ¢asto vyuzZivan ve

vyvoji nosicu 1é¢iv [5] a tkanovych nahrad [6].
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Obr. 1. Strukturni vzorec monomeru kyseliny hyaluronové tvorené monosacharidovymi zbytky
kyseliny glukuronové (GCU) a N-acetylglukosaminu (NAG).

Vlastnosti molekul kyseliny hyaluronové jsou urcovany zejména jeji znacnou
hydrofilitou a relativné vysokou rigiditou polymerniho fetézce. Hydrofilni povaha molekuly je
déna polarnimi skupinami, mezi néz patii predev§im karboxylova skupina kyseliny
glukuronové a také hydroxylové skupiny obou monosacharidovych jednotek (obr. 1).
K hydrofilni povaze pfispivaji také kyslikové atomy glykosidickych vazeb a acetamidova
skupina N-acetylglukosaminu. VSechny tyto skupiny jsou vazany v ekvatorialnich polohéch
vici heterocykliim obou zbytkll, zatimco v axidlnich smérech jsou vdzany pouze atomy vodiku.
Proto tato oblast ,,nad“ a ,,pod* heterocykly byva povazovana za ¢astecné hydrofobni. Uvedené
polarni skupiny jsou schopny vytvaret vodikové vazby prostfednictvim atomu kysliku, ptipadné
dusiku, s okolnimi molekulami vody, avSak také vradmci fetézce samotného. Tyto
intramolekularni vodikové vazby, pfispivaji k vyssi konformacni rigidité fetézce HA, protozZe

omezuji volné protaceni fetézcl kolem vazeb glykosidickych spojeni.

V ramci nasi vyzkumné skupiny se zamétujeme na zkoumani vlivu prostiedi, v némz se
molekula HA nachazi, na konformaci a dynamiku polymerniho fetézce molekuly HA metodami
teoretick¢é a vypocetni chemie. Zakladem vyzkumu jsou simulace metodou molekulové
dynamiky (MD), které zachycuji chovani fetézce HA v ¢asovém intervalu v fadu stovek ns.
Simulace probihaji v systému NpT, tedy za konstantniho poctu ¢astic, tlaku a teploty a jsou
provadény programem NAMD [7], k vizualizacim simulaci a vyhodnocenim n¢kterych
parametri je pouzivan program VMD [8]. Ostatni vyhodnoceni jsou provadéna pomoci nami
napsanych programi. V pribéhu naSich vyzkumnych praci byla simulovédna riizné prostiedi
pocinaje Cistou vodou (obsahujici jen nutné mnoZstvi protiiontd pro neutralizaci systému), pies
vodné roztoky rizn¢€ koncentrovanych soli az po smésnd rozpoustédla tvofena vodou
a organickymi latkami s ni dokonale misitelnymi, konkrétné 1,4-dioxanem a terc-butanolem (2-

methylpropan-2-ol).
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1.1.  Simulace nahodnych klubek makromolekul kyseliny hyaluronové v roztocich

elektrolytii

Prvni ¢ast tohoto vyzkumu, publikovand v praci P1, byla zaméfena na simulaci
nahodnych klubek HA ve vod¢é a vodnych roztocich soli. Trebaze konecnym cilem bylo
modelovat ndhodna klubka velkych polymernich molekul o relativni molekulové hmotnosti
v fadu stovek kDa az jednotek MDa, samotné simulace obsahovaly vzdy jeden oligosacharid
HA o délce 24 monomernich jednotek, tj. 48 monosacharidovych zbytkl. Simulace byly
provedeny za teploty 310 K pro dvé soli, NaCl a MgCl, ve tfech koncentracich, 0 M (za
pritomnosti nezbytného poctu kationtii pro neutralizaci systému), 0,2 M a 1 M. Zaroven byly
provedeny obdobné simulace i pro neutrdlni analog HA obsahujici misto monosacharidové

jednotky kyseliny glukuronové glukosu.

Pro kazdy systém byly vytvofeny modely velkych klubek HA. Tato klubka byla
konstruovana skladanim ndhodn¢ vybranych fragment simulovanych fetézcii. Nejdiive byla
vytvofena statistika distribuce dihedralnich tihlu jednotlivych spojeni. Nasledné byly nahodné
vybirany fragmenty fetézce HA z riznych snimkii simulace a tyto fragmenty byly postupné
spojovany za vzniku dlouhé makromolekuly, pficemz dihedralni uhly kazdého spojeni byly
nahodné vybrany na zakladé¢ vySe uvedené statistiky. Touto metodou byl vytvoren cely
statisticky soubor ndhodnych klubek a byly vyhodnoceny stfedni hodnoty charakteristickych
veli¢in, pfedevSim vzdalenosti koncti fetézce a gyracniho poloméru. Reprezentativni klubko je

znazornéno na obr. 2.
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Obr. 2. Nahodné klubko makromolekuly HA vytvorené nahodnym skladanim fragmentii Fetezce z jednotlivych
snimkui simulace (kazdy panel obsahuje pohled z jiného smeru). Simulace probihala v IM MgCI2, celkova
délka molekuly je 2000 monosacharidovych zbytkii. Gyracni polomér klubka je 329 A, vzddilenost koncii 58 A
(vyznacena v pravém dolnim panelu). Prevzato z P1.

Analyza gyracnich polomérli nahodnych klubek ukézala, Ze velikost klubka klesa
s rostouci koncentraci soli vroztoku (obr. 3). Tato zavislost je v souladu s mnohymi
experimentalnimi studiemi, a to nejen trendové, ale i co se tyCe absolutni velikosti klubek
vyjadiené pravé gyratnim polomérem [9-13]. To potvrzuje relevanci pouzit¢tho modelu a

otevird moznost simulace ndhodnych klubek siln¢ botnajicich polymerti pomoci metody MD.
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Obr. 3. Gyracni polomér simulovanych nahodnych klubek jako funkce moldarni hmotnosti makromolekuly. Levé
panely — srovnani modelovanych klubek pro tri koncentrace NaCl — 0 M (ozn. ,,neutr.”), 0,2 M, 1 M s riiznymi
publikovanymi experimentalnimi vysledky [9—13]. Pravy panel — srovnanigyracnich polomeérit modelovanych
klubek HA a jejiho neutrdlniho analogu (ozn. ,, GIcHA ) jako funkce poctu monosacharidovych jednotek (N) pro
rizné koncentrace NaCl a MgCI2. Krouzky — vysledky simulaci z P1, ostatni symboly — experimentalni vysledky z
literatury. Prevzato a upraveno z P1.

V ramci této studie byly také srovnany vlivy riiznych soli, NaCl a MgClz. U obou soli

se projevovaly podobné trendy, vysledky nebyly pfiili§ odlisné (obr. 3, vpravo). Ptipadné

zatazeni dalSich soli je planovano jako mozna cesta pokracovani vyzkumu. Bylo prokézano, ze

s rostouci koncentraci soli gyra¢ni polomér klubka klesa nejen pro nabitou molekulu HA, ale i

pro jeji neutralni analog. To ukazuje, Ze hlavni pficinou této zavislosti neni pouhé stinéni

elektrostatické interakce mezi zdporné nabitymi karboxyldtovymi skupinami pfitomnymi ionty

soli, naopak Ze tento vliv je spiSe minoritni. Velikosti elektrostatické interakce mezi skupinami

je totiz, vzhledem k jejich vzdalenosti cca 10 A a vysoké relativni permitivité vody, pomé&rné

mald ve srovnani s ostatnimi interakénimi energiemi mezi HA a okolnim prostiedim.
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Detailnéjsi analyzou vlivu iontii na velikost nahodného klubka se nasledn¢ zabyvala nase dalsi

studie P2.

Pouzity model nahlizel na molekulu HA jako na neinteragujici fetézec, nezohledioval
tedy mozné vzajemné interakce monosacharidovych zbytkt, které se mohly ndhodné ocitnout
ve vzdjemné blizkosti. Z tohoto divodu roste velikost modelovaného klubka pro fetézce
vyrazn¢é presahujici perzistencni délku piesné s exponentem 0,5, coZ je pro neinteragujici
klubko typické, avsak mirn¢ odlisné od nékterych experimentalnich praci, které se shoduji na
hodnoté¢ 0,59 [9,10]. To je pravdépodobné disledkem v modelu zanedbané interakce mezi
fetézci, tfebaze tato se, vzhledem k vysokému stupni botnani klubka, mtize projevit az u velmi

dlouhych fetézct.

1.2.  Vliv iontit na konformaci a dynamiku oligosacharidii kyseliny hyaluronové

v roztocich

V dal$i publikované praci P2 jsme se vénovali dynamice fetézce HA. Cilem bylo
zejména objasnit, jakym mechanismem dochazi k zmenSeni gyra¢niho poloméru molekuly HA
v roztocich o zvysujici se iontové sile. Jak vyplynulo z pfedchozi studie P1, neni mozné
zmenSeni nadhodného klubka ptisoudit pouze poklesu elektrostatické repulze v dusledku
zvySeni permitivity prostfedi. Simulace byly provadény pouze pro molekulu HA s plné
disociovanymi karboxylovymi skupinami v roztocich NaCl o koncentracich 0 M, 0,2 M, 0,6 M,
a 1M zateplot 275 a 310 K.

Nejdiive jsme se zaméfili na distribuci hodnot dihedrélnich (torznich) Gihli jednotlivych
glykosidickych spojeni. Retézec HA obsahuje spojeni dvou typtl, spojeni 1-3 mezi uhlikem C1
GCU a uhlikem C3 NAG a spojeni 1-4 mezi uhlikem C1 NAG a uhlikem C4 GCU. Konformaci
kazdého spojeni lze charakterizovat dvéma dihedralnimi hly popisujicimi otoceni zbytkl
molekuly kolem dvou jednoduchych vazeb vychazejicich z atomu kysliku pfislu§Sného

glykosidického spojeni. Definice uhlil je naznac¢ena na obr. 4.
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Spojeni 1-4

Spojeni 1-3

Obr. 4. Definice dihedralnich uhlii byla provedena pomoci atomii tvoricich glykosidicka spojeni mezi
monosacharidovymi zbytky (takto zvolena definice se jevila jako vhodna pro konstrukci velkych klubek

v praci P1). Atomy, které definuji dany uhel, jsou spojeny carami stejné barvy jako jeho oznaceni. Napr. uhel
131 (levy panel, fialové), ktery charakterizuje otoceni kolem vazby mezi C1 GCU a glykosidickym kyslikem
03 NAG je definovan jako uhel svirany rovinami C4, C1, O3 a Cl1, O3, C3. Prevzato a upraveno z P2.

Bylo zjisténo, ze kazdy zuhli osciluje kolem jedné zakladni rovnovézné polohy
s relativné Uzkou distribuci hodnot s polositkou cca 50-60° (obr. 5). Vzijemny vztah mezi
dihedralnimi uhly jednoho typu spojeni lze zndzornit pomoci Ramachandranova diagramu —
tyto grafy tedy musime pro molekulu HA zkonstruovat dva jeden pro spojeni 1-3 a druhy pro
spojeni 1-4. Ukézalo se vSak, ze ani samotnd distribuce thll, ani jejich vzdjemna poloha
v Ramachandranov€ diagramu se pro jednotlivé systétmy nijak vyrazné nelisi
(Ramachandranovy diagramy proto nebyly v praci uvedeny). Bylo vSak pozorovano, Ze
s koncentraci NaCl roste vyskyt hodnot dihedralnich thli mimo oblast svych rovnovaznych
hodnot. To znamena, ze za vyS$i koncentrace soli sndze dochazi k pretoCeni
monosacharidového zbytku do jiné polohy. S nejvyssi Cetnosti k tomu dochazi u dihedralniho
uhlu 14 2, ktery je nejvétsim zdrojem flexibility molekuly HA (obr. 5). Dihedralni thel je

v pfetoceném stavu stabilni jednotky az desitky ns, poté se vraci do rovnovazné polohy.

15



Cetnost

v

Obr. 5. Distribuce dihedralnich uhlii
14 2 za teploty 310 K pro rizné
koncentrace soli. Monosacharidovym
zbytkiim v rovnovazné poloze odpovida
majoritni pik s maximem kolem -160 ¢
zbytkiim pretocenym z rovnovazné
polohy odpovidaji minoritni oblasti
uprostied grafu. Jejich velikost roste
s koncentraci NaCl, v cisté vodé se
prakticky nevyskytuje. Prevzato a
dihedralni dhel / ° upraveno z P2.

Dale jsme se proto zaméfili na pozorovani, jak fetézec na takové pretocCeni zareaguje.
Nejdiive bylo zjisténo, ze protoCeni v jednom dihedralnim thlu nevede k bezprostifedni
kompenzaci protocenim jinde v fetézci, naopak vSechny ostatni dihedralni thly v celém fetézci
zUstavaji, az na ndhodné fluktuace, beze zmény. Napéti vzniklé protocenim tedy disipuje do
ostatnich stupiii volnosti, coZ umoziuje protoceni jednotlivého dihedralniho thlu bez nutnosti
zmény jin€ho. Kolem vazby odpovidajici protoc¢enému dihedralu vSak vznikne konformace
energeticky nevyhodna, coz vede k postupné relaxaci do konformace odliSné. Na rozdil od
konformace vychozi, v niz fetézec HA neobsahuje prudsi zaktiveni, spéje fetézec po pretoceni
do konformace typu vlasenky, tedy k prudkému zahnuti o t¢éméf 180°, coz vede k celkovému
zkréaceni fetézce. Po urcitém case, typicky v fadu jednotek az desitek ns, dojde ke zpétnému
protoc¢eni uvazovaného dihedralniho thlu do jeho rovnovazné hodnoty, v disledku ¢ehoz se
fetézec opét ,narovna“ do rovnovazné konformace. V nékterych ptipadech probéhne
konformacéni zména ve znaéném rozsahu, jindy jen zc¢asti, pokud ke zpétnému pretoceni dojde
ptilis brzy. Priibéh nékolika takovych strukturnich zmén je zachycen na obr. 6. Je tedy
pravdépodobné, Ze pii¢inou zmény velikosti klubka se zménou iontové sily roztoku je vétsi
flexibilita fetézce projevujici se Cast€jSimi konformacnimi zménami vedoucimi k jeho

opakovanému zkracovani.
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Obr. 6. Ukdzka dynamiky retézce HA. Série
snimkit z MD simulace ukazuje postupny
vznik a zanik ohybii retézce vzniklych

v diisledku pretoceni zbytkit GCU ¢. 37, 23 a
29 (chronologicky). Zluté kulicky zobrazuji
iont Na+, které svoji pritomnosti prispély ke
vzniku pretoceni. Prevzato z P2.

Vysvétleni zavislosti Cetnosti pietoceni dihedralnich 0hli na koncentraci NaCl je
zaloZeno na dvou jevech. Prvnim z nich je celkovy pokles poctu vodikovych vazeb, a to jak
intramolekularnich v rdmci fetézce HA, tak mezi HA a vodou. To dava molekule HA za vyssi
koncentrace NaCl vétsi volnost k moznym konformacnim zméndm. Vedle toho bylo také
pozorovano, ze vyskyt preto¢enych dihedralnich thlt 14 2 pozitivné koreluje s vyskytem iontl
Na" v blizkosti kysliku O5 zbytku kyseliny glukuronové. Ten nejdiive s koncentraci NaCl
roste, ale nabyva maxima pfiblizné¢ u 0,6M NaCl a nasledné mirn¢ klesa. Toto maximum je
patrné zejména za niz$i teploty 275 K, kdy je vyskyt iontli Na* v této poloze dokonce vy$si nez
v bezprosttedni blizkosti karboxyladtové skupiny. Toto maximum také koreluje s minimalni

hodnotou gyra¢niho poloméru ndhodnych klubek simulovanych metodou popsanou v ¢lanku

P1. Popsany trend vazby iontli do uvedeného mista nebyl v plném rozsahu vysvétlen,
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pravdépodobné souvisi se zavislostmi solvatacnich energii jak karboxylatové skupiny, ptipadné

dalsich skupin HA, tak samotnych sodnych kationtl, na koncentraci NaCl.

Z praci P1 a P2 vyplyvaji nasledujici zavéry. Metodou molekulové dynamiky Ize
simulovat oligosacharidy HA, jejichz charakteristické vlastnosti, jakoz i vlastnosti velkych
nahodnych klubek z nich vytvofenych, odpovidaji experimentalnim hodnotdm. Metoda je tedy
vhodna pro studium fyzikalnéchemickych vlastnosti HA. Simulaci ziskany gyra¢ni polomér
klesa s rostouci koncentraci soli v roztoku, coz je v souladu s experimentalnimi zjisténimi.
Zejména za nizkych teplot vSak tento pokles nemusi byt monoténni, gyracni polomér nabyva
minima pii koncentraci NaCl cca 0,6 M. Zavislost gyra¢niho poloméru na koncentraci soli
souvisi s dynamickym chovanim fetézce, pfedevSsim s ndhodnym prota¢enim jednotlivych
monosacharidovych zbytkl kolem glykosidickych vazeb z rovnovazné polohy, jejichz Cetnost
roste s koncentraci soli. Tato protoceni vyvolaji konformaéni zménu vedouci k vytvotreni ohybu
na fetézci HA, coz vede k jeho docasnému zkraceni, a tedy nasledné¢ ke zmenseni gyracniho

poloméru.

1.3.  Oligosacharidy kyseliny hyaluronové ve smésnych rozpoustédlech

V dalsi publikované praci (P3) jsme se vénovali chovani oligosacharidi HA ve
smésnych rozpoustédlech tvotfenych vodou a organickymi latkami s vodou misitelnymi, 1,4-
dioxanem (dale jen dioxan) a terc-butanolem. Vyzkum probihal ve spolupraci se spole¢nosti
Contipro a.s. a jejim primarnim cilem bylo vysvétleni rizné reaktivity HA v esterifikac¢nich
reakcich na jejich hydroxylovych skupinach v zavislosti na pouZzitém rozpoustédle. Tyto reakce
jsou provadény metodou smésnych anhydridt za katalyzy 4-dimethylaminopyridinem (DMAP)
[14].

Nejprve bylo studovano chovani samotnych oligosacharidi HA ve smésnych
rozpoustédlech obou typl pfipravenych v riiznych pomérech obou slozek za dvou rtznych
teplot. Krom jiného byla pozorovana pifedev§im separace smésnych rozpoustédel
v bezprosttedni blizkosti molekuly HA. Ukazalo se, ze molekula HA je solvatovana pfednostné
molekulami vody, zatimco organickou slozku odpuzuje. Tento efekt je pfitom vyraznéjsi ve
smési voda:terc-butanol. Nasledné byly simulovany molekuly HA substituované jednim
dodekanoylovym zbytkem vazanym esterovou vazbou na hydroxylovou skupinu uhliku C6
NAG. Separace smésného rozpoustédla byla v oblasti fetézce HA stejné jako u nesubstituované
molekuly HA, avSak v okoli postranniho alifatického fetézce byla pfesné opacna — fetézec byl

solvatovan ptedevsim organickou slozkou. V tomto ptipadée byl efekt vyrazné siln¢jsi v pripadé
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dioxanu chybi. Rozlozeni molekul smésného rozpoustédla kolem substituované molekuly HA
ilustruje obr. 7. Na obr. 8 jsou pak zachyceny radialni distribu¢ni funkce jednotlivych slozek

rozpoustédla kolem jednotlivych ¢asti této molekuly.

Obr. 7. Oligosacharid HA substituovany dodekanoylovym zbytkem ve smésnem rozpoustédle tvoreném vodou
(modré molekuly) a terc-butanolem (zelené molekuly) v objemovém poméru 1:1. V okoli retézce HA previada
voda, v blizkosti substituentu jednoznacné dominuje terc-butanol. Prevzato a upraveno z P3.

voda (v:d) voda (v:d)
diox (v:d) diox (v:d)

voda (v:t) voda (v:t)
t-but (v:t) t-but (v:t)
voda voda

Obr. 8. Radialni distribucni funkce g(r) popisujici vyskyt jednotlivych komponent smésného rozpoustédla
kolem jedlotlivych casti substituované molekuly HA. Vievo: distribuce v okoli retézce HA. Vpravo:
distribuce v okoli dodekanoylového substituentu. Oranzoveé — smés voda:dioxan (v:d), zelené — smés
voda:terc-butanol (v:t), modre — Cistd voda. Prevzato a upraveno z P3.

Konecné byly simulovany systémy obsahujici nesubstituovanou nebo substituovanou
molekulu HA a reaktant substitu¢ni reakce N-dodekanoyl-4-(dimethylamino)-pyridiniovy
kationt (dale jen Ci2-DMAP), ktery vznikd v reakéni smési (v redlném experimentalnim
provedeni) vazbou dodekanoylového zbytku, ptivodné pifitomného jako soucast smésného
anhydridu, na katalyzator DMAP. Samotny alifaticky fetézec reakéniho prekurzoru vykazuje

podobnou separaci smésného rozpoustédla jako fetézec vazany na HA. Bylo prokéazéano, ze
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vyskyt Ci2-DMAP v blizkosti molekuly HA je podstatné cetnéjsi ve smési voda:dioxan nez
voda:terc-butanol, pficemz pravdépodobnym diivodem tohoto jevu je pravé mensi separace
smésné¢ho rozpoustédla u prvni smési. Naopak silnd separace smési voda:terc-butanol
piedstavuje energetickou bariéru pro pristup Ci>-DMAP k molekule HA. Toto pozorovani je
v dobrém souladu s experimentalnim provedenim reakce, kterd ve smési voda:dioxan vykazuje
vyrazng vyss$i stupen substituce nez ve smési voda:terc-butanol. Reakéni prekurzor Ci2-DMAP
ma navic v roztoku voda:terc-butanol silnou afinitu k alifatickému fetézci jiz navazanému na
HA a tato interakce mu umoznuje priblizeni k HA, které je v tomto rozpoustédle jinak méné
cetné. Naopak ve smési voda:dioxan se tento efekt prakticky neprojevuje. To vysvétluje
experimentalni zjisténi, Ze ve smési voda:terc-butanol bude dochézet k castéjsimu shlukovani
substituentli, zatimco ve smési voda:dioxan bude jejich distribuce po délce fetézce
rovnomérnéj$i. VSechny zavéry nasi teoretické studie byly navic nezdvisle potvrzeny jinou
experimentalni praci nasich spolupracovnikti z Contipro a.s. a dalSich, jimz se podatilo prokdzat
ob¢ zasadni pozorovani, tedy vyssi stupen substituce ve smési voda:dioxan a ¢astéjsi shlukovani
substituentll ve smési voda:terc-butanol i jinym alifatickym substituentem, a to oleoylem, ktery
je oproti dodekanoylu o 6 uhlikovych atomi delsi a obsahuje jednu dvojnou vazbu [15]. Na

zékladé této shody teorie s experimentem lze predpokladat obecnéjsi platnost ziskanych zavera

o vlivu smésného rozpoustédla na priibéh esterifika¢nich chemickych reakci na fetézci HA.
1.4.  Dalsi plany a perspektivy

V névaznosti na publikované vysledky pokracujeme ve vyzkumu struktury a dynamiky
molekul HA nékolika sméry. Prvni z nich predstavuje simulace interakci dvou fetézci HA ve
vodnych roztocich. Né&kterymi experimenty provedenymi v 90. letech 20. stoleti byla
nazna¢ena moznost existence reverzibilnich dvojSroubovicovych struktur molekul HA ve
vodném prostiedi [16—-18]. To vSak bylo pozd€ji pomérné presvédCivé vyvraceno jinymi
experimentalnimi pracemi [19-21]. NaSe simulace, kterymi se snazime objasnit moznost
vzniku takovych struktur, ukazuji, Ze existence pravidelnych dvojSroubovicovych struktur ve
vodnych roztocich pravdépodobné moznd neni, nicméné s rostouci koncentraci NaCl roste
cetnost vzajemnych interakci obou fetézct, ktera miize hrat podstatnou roli v chovani velkych
makromolekuldrnich klubek nebo koncentrovanych roztokit HA. To lze nepifimo potvrdit
experimentalné pozorovanym chovanim téchto roztok metodami viskozimetrie nebo rozptylu

svétla. Vysledky této studie jsou pfipravovany k publikaci.

Vedle vyzkumu interakci molekul HA ve vodé pokracujeme zejména ve zkoumani

chovani molekul HA ve smésnych rozpoustédlech. NaSe dosavadni vysledky ukazuji piedevS§im
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vyrazn€j$i interakci HA sionty v roztoku v disledku celkové nizs$i polarity smésného
rozpoustédla. To mé ale za nasledek rovnéz pevnéjsi interakci mezi fetézci, ktera v urcitych
pomérech koncentraci smésného rozpoustédla miize vést az ke vzniku stabilnich duplexovych
struktur. Nékteré vysledky této Casti jsou momentalné pripravovany k publikaci, dalsi jsou

postupné dokoncovany.

Relativné nemnoho vyzkumnych praci se dosud zabyvalo simulacemi substituovanych
fetézcl HA, tiebaze praveé chemicky modifikované molekuly HA jsou diky své nizsi hydrofilité
Casto technologicky vyuzivany. Vliv substituci na strukturu oligosacharidi HA ve vodném
prostfedi byl studovan experimentalné i teoreticky ve skupiné A. Mohse [22,23], pticemz byl
prokézan vliv hydrofobnich substituenti na tvorbu kompaktnéjSich makromolekuldrnich
klubek. V ramci dalSiho pokracovani naseho vyzkumu proto pldnujeme navézat na studie
uvedeného typu a zahrnout do nich i vliv smésnych rozpoustédel, protoze pravé v nich casto
probihaji substitu¢ni reakce vedouci k navdzani hydrofobnich zbytkli na molekulu. Rovnéz
planujeme podrobnéjsi vyzkum vlivu koncentrace soli na substituované fetézce HA. Simulace

téchto systéml momentalné probihaji.

2. Rovnovahy a kinetika v roztocich oligomernich proteini za vysokého

tlaku
Publikované prace
P4 E. Kutélkova, J. Hrnlitik, M. Ingr, Pressure induced structural changes and dimer

destabilization of HIV-1 protease studied by molecular dynamics simulations, Phys.
Chem. Chem. Phys. 16 (2014) 25906-25915. [24]

P5 M. Ingr, R. Lange, V. Halabalova, A. Yehya, J. Hrncirik, D. Chevalier-Lucia, L.
Palmade, C. Blayo, J. Konvalinka, E. Dumay, Inhibitor and Substrate Binding
Induced Stability of HIV-1 Protease against Sequential Dissociation and Unfolding
Revealed by High Pressure Spectroscopy and Kinetics, Plos One. 10 (2015)
e0119099. [25] .

P6 Ingr, E. Kutalkova, J. Hrncifik, R. Lange, Equilibria of oligomeric proteins under

high pressure - A theoretical description, J. Theor. Biol. 411 (2016) 16-26. [26]
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Chemické rovnovahy v roztocich jsou ovlivnitelné fadou externich faktorii, mezi néz
zpravidla pocitdme piedevsim teplotu a slozeni rozpoustédla, v némz reakce probiha, v ptipadé
biochemickych reakci probihajicich ve vodném prostiedi jsou nejvyznamnéj$imi faktory
iontova sila a pH. Obvykle vSak mezi ovliviiyjici faktory nepocitame tlak, jehoz vliv na reakce
v kondenzované fazi je vpravdé minimalni. To je duasledkem nizké stlaCitelnosti
kondenzovanych latek, kterd neumozinuje velké zmeény objemil reakénich smési v dasledku

probihajicich chemickych reakci.

Zménu rovnovazné konstanty chemické reakce, resp. jejiho logaritmického vyjadieni

pK, = —log K,, s ménicim se tlakem Ize vyjadfit vztahem
opK dInK loge (0AG? loge
ap /., dp /. RT \ 0p r RT

kde p je tlak, T je termodynamicka teplota, R je molarni plynova konstanta, AG, je standardni
molarni reakéni zména Gibbsovy energie a AV je standardni molarni reakéni zména objemu.
Ze vztahu je patrné, ze pokud molarni objem reakéni smési beéhem reakce, ptipadné jiného
fyzikalnéchemického déje, nartsta, zvysuje se i pK,, tedy klesa rovnovazna konstanta, a tudiz
se rovnovaha posune na stranu reaktanti. Naopak pokud celkovy objem reakéni smési klesa,
rovnovaha se posouvd na stranu produktl, coZz je v souladu s principy chemické
termodynamiky. Rovnice (1) vSak také ukazuje, Ze pokud mé dojit k posunu pK, o jednotku,

tedy zménu rovnovazné konstanty o jeden fad, musi platit vztah
ApAV® = —, (2)

coz za teploty 298,15 K (25 °C) znamena, ze

_ 5708 ml MPa mol~1

Ap = . 3
p AP 3)

Protoze napf. u proteinovych molekul se zména moldrniho objemu souvisejici s procesy typu
asociace nebo disociace podjednotek pohybuje v fadu desitek az stovek ml mol™1, je k posunu
rovnovazné konstanty o fad zapotiebi tlaku v fadu stovek MPa. Takové tlaky, s vyjimkou dolni
meze tohoto intervalu, se v biosféfe Zemé& viubec nevyskytuji, jelikoZ odpovidaji hloubkdam
v fadu desitek km pod vodni hladinou. Pfesto byly nékteré vyzkumy v této oblasti zaméfeny

praveé na vliv tlaku na proteiny hlubokomotskych mikroorganismu [27].

22



Vyzkum proteinti za vysokého tlaku tedy zpravidla nemé primarné vyznam pro popis
jevi probihajicich v pfirodé, je vSak zajimavy zjiného hlediska. Vzhledem k nizké
stlacitelnosti vody totiz aplikace vysokého tlaku na vodny roztok nevede k dramatickému
zvyseni vnitfni energie systému, proto timto zplsobem milizeme posunout rovnovaznou
konstantu rtiznych procesi, aniz bychom riskovali tepelnou denaturaci proteinovych molekul.
Toho Ize vyuzit k méfeni rovnovaznych konstant procest, jejichz rovnovaha je vyrazné
posunuta na jednu stranu, takze neni jednoduché pozorovat rovnovazné zastoupeni obou stavii

reagujicich latek [28].

Typickym ptikladem je méteni disociacni konstanty oligomerniho proteinu slozeného
z nékolika podjednotek — pro jednoduchost predpokladejme homodimer. Jestlize je rovnovaha
siln€¢ posunuta na stranu dimeru, je mozné pozorovat rovnovazné zastoupeni monomeru a
dimeru jen za velmi nizkych koncentraci, coz nasledné znemozituje dobrou detekci vétSinou
pouzitelnych experimentalnich metod. Pokud ovSem disociace dimeru vede ke sniZeni
celkového objemu systému, coz je typicky ptipad, Ize aplikaci vysokého tlaku rovnovaznou
konstantu posunout tak, Ze rovnomérné zastoupeni obou forem je pozorovatelné v takové
oblasti koncentraci, kde je stanoveni poméru monomeru a dimeru snazsi. Proto mizeme
rovnovaznou konstantu stanovit za zvySené¢ho tlaku a néasledné jeji hodnotu prepocitat na tlak
atmosféricky. Vysokotlakych metod bylo v minulosti pouzito k vyzkumu proteini dimernich
[29-31], tetramernich [32-34], hexamernich [35], vysSich oligomerti [36-38] ¢i virovych
kapsid [39-41], prioni [42], nebo dokonce polymernich proteinovych struktur jako
mikrotubuly nebo mikrofilamenta [43—45]. Procesy, u nichZ naopak vysoky tlak podporuje
asociaci proteinovych molekul do vyssich utvard, jsou mén¢ obvyklé, ale vyskytuji se rovnéz,

jde zpravidla o agregace nespecifikovaného poc¢tu podjednotek [46].

Pouziti vysokotlakych metod se neomezuje pouze na asociatni rovnovahy
podjednotkovych proteinti, vyuziva se rovnéz ke studiu unfoldingu proteint [47-49] a dalSich
procesti [50,51]. Vysokotlaké experimenty se navic neomezuji jen na studium rovnovéah, ale

také na kinetiku zkoumanych procest [48,52].

NS 24

experimentlim za tlaku atmosférického, nebot’ zkoumany vzorek musi byt umistén v prostredi,
kde je vysoky tlak udrZovén. V praxi to znamenéd uzavieni kyvety se vzorkem pruznou
membranou a jeji umisténi do cely naplnéné vodou, v niz se pomoci vysokotlaké pumpy vytvoii
pozadovany tlak. Pokud jsou =zapottebi vstupy pro svételné paprsky pro ucely
spektroskopickych méfeni, jsou v cele vytvofeny otvory opatiené safirovymi prizory.
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NejbéznéjSimi metodami pouzivanymi v kombinaci s vysokym tlakem jsou spektrofotometrie
a fluorimetrie (pouzité ve vétSiné vyse citovanych praci), vysoky tlak vSak byl aplikovan i
v kombinaci s rozptylem svétla [5S3] nebo neutronti [27] ¢i gelovou elektroforézou [54,55]. Pro
studium nativnich konformaci jednotlivych podjednotek oligomernich proteinii jsou pak
obzvlasté¢ vhodné metody vysokotlaké rentgenové krystalografie a vysokotlaké NMR [56]. 1
pfes zminovanou technickou komplikovanost je tedy paleta vysokotlakych metod pomérné

pestra, coz umoziuje jejich aplikaci na Sirokou Skalu vyzkumnych problémt.

V na$i skupiné jsme se vénovali zejména vyzkumu rovnovaznych a kinetickych
vlastnosti proteinasy z viru HIV 1 (HIV-1 PR), a to jak experimentalné, tak teoreticky. HIV-1
PR je homodimerni aspartatovou proteinasou, jeji katalytické centrum tedy tvoii dva zbytky
kyseliny asparagové, znichz kazdy je soucasti jedné podjednotky. HIV-1 PR je malym
proteinem o relativni molekulové hmotnosti monomeru 10,8 kDa. Aktivni misto proteinasy se
nachazi v relativné hydrofobni duting, do kter¢ je pied reakci vazan substrat. Ten je v prubéhu
reakce uzavien do aktivniho mista pohyblivymi chlopnémi (flaps), které naopak ve stavu bez
substraitu mohou byt otevieny. Dimerni struktura je stabilizovdna zejména dimerizacni
doménou tvofenou vzajemné provazanymi N- i C-konci obou polypeptidovych fetézcu.

Struktura je zndzornéna na obr. 9.

2.1.  Simulace vlivu vysokého tlaku na molekulu HIV-1 proteinasy metodou

molekulové dynamiky

V prvni praci na toto téma (P4) jsme simulovali molekulu HIV-1 PR za rtiznych tlaka
od 1 do 600 atm metodou molekulové dynamiky. Tento pfistup byl dfive nékolikrat pouzit na
rizné proteiny, jeho aplikace shrnuje piehledovy ¢lanek [57]. Cilem studie bylo popsat
konformac¢ni zmény molekuly a urc¢it objemovou zménu provazejici disociaci dimeru. Nejdiive
byly sledovany zmény konformace dimerni molekuly HIV-1 proteainsy kvantitativné
charakterizované jednak vzdalenosti o-uhlikli aminokyselin Pro39 a Pro39’, které lezi na
nejvzdalengjSich mistech jednotlivych monomert (byly méfeny i jiné vzdalenosti, které vSak
vykazovaly jen nepatrné zmény, viz obr. 9), jednak gyracnim polomérem molekuly. Obé tyto
veli¢iny s rostoucim tlakem monoténné klesaji, coZz jednoznaéné prokazuje vliv tlaku na
konformaci dimeru, zmény jsou vSak relativné malé v porovnani s celkovou velikosti molekuly

(obr. 9).
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Obr. 9. Vlevo: struktura molekuly HIV-1 PR s vyznacenim vyznamnych domén: A — aktivni misto obklopené
dutinou pro vazbu substratu, F — chlopné (flaps), D — dimerizacni doména. Barevnymi kulickami a carami
Jsou vyznaceny vzdalenosti, jejichz zména byla sledovana v zavislosti na tlaku v systéemu. Vpravo: Zavislost
vzdalenosti Pro39-Pro39’ (ktera vykazovala nejvyraznéjsi zmeénu) a gyracniho polomeru Rg molekuly na
tlaku. Prevzato a upraveno z P4.

Aby bylo mozno posoudit a termodynamicky kvantifikovat vliv vysokého tlaku na
rovnovahu monomer-dimer, byla vypocétena zména objemu souvisejici s disociaci dimeru na
dva monomery. Protoze celkovd zména objemu systému je velmi mald v porovnéani s objemem
simula¢niho boxu, byla pouzita aproximativni metoda zjisténi objemového rozdilu zalozena na
stanoveni poctu molekul vody v dutin€¢ aktivniho mista, nebot’ 1ze ptredpokladat, Ze mira
naplnéni této dutiny vodou ovlivni celkovou objemovou zménu systému nejvyraznéji.
Vychdzime z ptedpokladu, ze jeji hydrofobni vnitini povrch odpuzuje molekuly vody, takze
celkova hustota téchto molekul je uvnitt dutiny za atmosférického tlaku niZ8i neZ ve volné vodé.
ZvySovanim tlaku je vSak tato odpudiva tendence ptekondvana a do dutiny se dostdva vice
molekul vody z okoli, ¢imz klesa celkovy objem systému. Obdobny vypocet byl proveden také
pro monomer, kde je efekt zfeymé mensi, protoZe monomer obsahuje pouze polovinu dutiny

aktivniho mista (obr. 10).
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Relativni hustota

Obr. 10. Relativni hustota vody (oproti vodé

volné) v hydrofobni dutiné aktivniho mista

dimeru a v ji odpovidajici oblasti v molekule

p [MPa] monomeru. Prevzato a upraveno z P4.

Bylo zjisténo, Ze za atmosférického tlaku az do necelych 100 MPa je objemova zména disociace
dokonce kladnd, tedy ze dimer je za téchto podminek tlakové stabilizovan. Za tlakl vysSich
ovSem objemova zména klesa do zapornych hodnot, coz vede k o¢ekavané destabilizaci dimeru.
Velikost objemové zmény je minimalni (tj. nejvice zdpornd) pro tlak 300 MPa, poté se vraci
zpét k nulové hodnoté. Toto chovani je pravdépodobné diisledkem skutecnosti, ze dvé poloviny
dutiny aktivniho mista obsazené ve dvou monomerech za atmosférického tlaku dokazi odpudit
vice vody nez kompletni dutina v dimeru. Jakmile vSak tlak vzroste, oteviené poloviny dutiny
jiz nedokézi zabranit pfiblizeni molekul vody tak efektivné, jako dutina kompletni, proto se
celkovy objem monomert zmensuje rychleji nez objem dimeru. Pti dal$im vzrastu tlaku vSak
JiZ objem monomert déle neklesa, na rozdil od dimeru, jehoz hydrofobni dutina je jiz také
zaplnovana vodou. Tim se objemova zména vraci zpét k nule. Je tedy patrno, ze objemova
zmeéna provazejici disociaci dimeru HIV-1 PR neni konstantni pfes v§echny tlaky, ale miZze se

dosti podstatn¢ ménit.

Aby bylo mozno provést srovnani s experimentalnimi daty, byla vypoctena hodnota
pramérné objemové zmény pro interval od nuly do daného tlaku. Takto vypoctené hodnoty
odpovidaji objemovym zménam ovliviiujici experimentalni chovani pii daném tlaku. Primérné
hodnoty zacinaji opet v kladnych oblastech, do zapornych hodnot ptechazeji u cca 160 MPa a
nakonec se stabilizuji kolem hodnoty —50 ml/mol. Tomu potom odpovida i pribéh zmény
hodnoty disocia¢ni konstanty dimeru (obr. 11). Tato zména je v oblasti do 160 MPa nepatrné
kladnad, poté vSak klesa do zapornych hodnot a pro tlaky nad 300 MPa se stabilizuje kolem
hodnoty ApK,; = —4, tedy rovnovazna konstanta disociace dimeru vzroste asi o 4 fady. To
svéd¢i o vyrazné tlakové destabilizaci dimeru. Vypoctené hodnoty zmény objemu i disociacni
konstanty jsou, i pfes vysokou miru aproximace, v dobrém souladu s nasi naslednou

experimentalni praci na stejném enzymu P5.
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Obr. 11. Tlakovad zavislost zmény

disociacni  konstanty vyjadrené

logaritmicky jako pKy (plna cara).

Smeérodatné odchylky  jsou

vyznaceny Carami teCkovanymi.
p [MPa] Prevzato a upraveno z P4.

Nase teoreticka studie tedy ukazuje potencial simulaci metodou molekulové dynamiky
pro vypocty objemovych zmén molekul proteinil za vysokého tlaku. Déle ukazuje, Ze objemova
zména nemusi byt konstantni v celém intervalu aplikovanych tlakii, coz je v experimentalnich
pracich obvykle pfedpokladano. Ovlivnéni rovnovazné konstanty je vSak v dobré shodé

s experimentem.

2.2, Studium rovnovaZnych a kinetickych vlastnosti HIV-1 proteinasy metodou

vysokotlaké fluorescencni spektroskopie

Zaroven se simulacemi jsme ve spolupréci se skupinami Dr. Reinharda Langeho a prof.
Eliane Dumay z Univerzity v Montpellieru provedli analogickou experimentalni studii, ktera je
obsahem prace P5. V této studii jsme vystavili roztok HIV-1 PR postupné se zvySujicimu tlaku
a pozorovali fluorescencni odezvu v oblasti fluorescence aromatickych aminokyselin, zejména

A%

strukturnich zménéch v molekule proteinu.

Jako prvni byl ovéfen obecné zndmy piedpoklad, ze kompetitivni inhibitory HIV-1 PR,
které se vazou do aktivniho mista enzymu, stabilizuji jeho dimerni strukturu. Bylo zjisténo, Ze
zatimco bez inhibitoru lze pozorovat typickou denaturacni kiivku, v pfitomnosti inhibitoru
darunaviru [58,59] se sledované spektralni charakteristiky bud’ neméni, nebo jen monotdénné
klesaji. To potvrzuje hypotézu, Ze inhibitor nejen stabilizuje dimerni strukturu, ale Ze takto
stabilizovany dimer nemiiZe ani podléhat rozpadu terciarni struktury (unfoldingu), a to ani za

vysokého tlaku.
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Protoze vysoky tlak Casto vyvolava agregaci proteint, byl méten i tento jev, ktery by
mohl dal$i stanoveni komplikovat. Bylo prokdzano, ze agregace proteinu nastava az za tlaka
vyssich nez 350 MPa, coz je hodnota umoznujici provedeni métfeni parametri dimerizace i

unfoldingu (popsanych dale).

Abychom odli$ili procesy disociace dimeru a nasledného unfoldingu monomerd,
sledovali jsme rovnéz zavislost tlakti, pti nichz dochézi k jednotlivym spektralnim zménam, na
koncentraci. V ptfipad¢ unfoldingu, ktery je v obou smérem procesem prvniho fadu, dochazi
k ptechodu ze strukturovaného do nestrukturovaného stavu za stejné¢ho tlaku bez ohledu na
koncentraci proteinu. Na druhou stranu pfechod mezi dimerem a monomerem, kdy z jedné
castice vznikaji dvé, je na tlaku vyrazné zavisly, protoze vyssi koncentrace stabilizuje dimerni
stav. Proto za nizkych koncentraci dojde k disociaci dimeru za nizSiho tlaku nez v piipade
koncentrace vyssi. V ptipadé HIV-1 PR byla pozorovana ziejma koncentra¢ni zavislost polohy
inflexniho bodu tlakové zavislosti tézisté¢ emisniho spektra (obr. 12, vlevo), naopak inflexni bod
zavislosti intenzity spektra na tlaku se s koncentraci neménil. Proto byla prvni zdvislost
povazovana za odezvu disociace dimeru, zatimco druhd za odezvu unfoldingu disociovanych

monomeru.

Z prvni zévislosti byla néasledné vypoctena hodnota disocia¢ni konstanty i objemova
zmeéna provazejici tento proces. Byla pouZita linearizovana rovnice zavislosti polohy inflexniho
bodu Ap;, ¢ na logaritmu koncentrace proteinu [My] (vyjadiené jako koncentrace formalniho

monomeru)

RT RT | (1 +V2)Kgatm
n

Bpiay ([Mo]) = ~ - InlMo] + - .

AV, ’ )

kde K4 q¢m je disociacni konstanta dimeru za atmosférického tlaku a AV, je objemova
zmeéna disociace (povazovana za konstantu). Z prolozeni experimentalné ziskanych hodnot
inflexnich bodd touto linearni zavislosti (obr. 12, vpravo) byly ziskdny hodnoty obou
parametrl, AV; = —32,5 ml/mol a K; gty = 0,92 uM. Hodnota disocia¢ni konstanty zapada
do oblasti hodnot ziskanych jinymi metodami nezavislymi na interakci se substratem ci
inhibitorem [60—-62]. Naopak kinetické studie na téchto interakcich zavislé [63—65], v€etné nasi
star§i prace [66], poskytuji obecné hodnoty nizsi, které mohou byt zplsobeny vlivem

stabiliza¢niho efektu substratu ¢i inhibitoru.
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p [MPa]

Obr. 12. Zavislost inflexniho bodu krivek disociace dimer-monomer na koncentraci HIV-1 PR. Vievo:
experimentadlné namérené body pro jednotlivé koncentrace prolozené teoretickou zavislosti (plna cara).
Prerusované cary vymezuji pasy 95% spolehlivosti regresnich kiiivek. Cerné ohranicené tecky reprezentuji
hodnoty namérené pri zpétném snizovani tlaku — tyto jsou ovlivnény predchozim pisobenim velmi vysokého
tlaku vyvolavajiciho jak unfolding, tak i agregaci proteinu. Trojuhelnicky oznacuji polohu inflexniho bodu.
Krivky jsou pro prehlednost vzajemné vertikalné posunuty. Vpravo: tlak v inflexnim bodeé jako funkce
koncentrace. Body riiznych barev oznacuji opakovana méreni, chybove usecky vyznacuji smérodatnou
odchylku vypoctenou z chyb nelinedrni regrese. Plnd cdara vyznacuje regresni primku proloZzenou vSemi body
dle rovnice (4). Prevzato a upraveno z P5.

Vv v

spektra, nevykazuje zadny vyrazny posun s ménici se koncentraci HIV-1 PR. Proto je
pravdépodobné, ze tato charakteristika je spiSe odezvou unfoldingu monomerti nez jejich
disociace. V tomto piipadé lze velmi snadno ur€it z polohy inflexniho bodu objemovou zménu
provazejici unfolding i hodnotu rovnovéazné konstanty tohoto procesu: AV,, = —104 ml/mol a
Kyatm = 1,5+ 107 uM. To znamena, Ze za teploty 25 °C, za niz méfeni probihalo, je monomer
za atmosférického tlaku velmi stabilni, jeho unfolding nastdva az za vys$Sich tlakt. To je
vsouladu i sexperimentalni studii metodou NMR, vniZ byly pozoroviny monomery
mutantnich dimeriza¢né defektnich forem HIV-1 PR [67]. Tomuto pozorovani odpovidaji 1
hodnoty rychlostnich konstant foldingu a unfoldingu monomeri, které byly stanoveny na
zaklad¢ pozorované Casové zmény fluorescence. Za atmosférického tlaku je rychlostni
konstanta pro unfolding o 4-5 fadl niz8i nezZ pro folding, se zvysujicim se tlakem se vSak obé

vyrovnavaji, pficemz jejich vyrovnani nastane za tlaku, v némZ ma kiivka tohoto ptechodu
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inflexni bod. Poté se vzajemny pomér rychlostnich konstant obrati a jejich hodnoty se opét

vzdaluji.

Nakonec byla méfena i zavislost kinetickych parametri enzymového st€peni umélého
peptidového substratu. Z technickych divodii nebylo mozné detailné prométit rychlost reakce
v celé oblasti koncentraci jak enzymu, tak substratu. Proto bylo provedeno pouze srovnani
hodnot pro rtizné tlaky za dané koncentrace obou slozek s teoreticky odvozenou kiivkou
popisujici vliv disociace dimeru na kinetiku pfi konstantnosti Michaelisovy konstanty K,,, a
Cisla premény k.,;. Vysledek ukazuje, ze disociace dimeru je velmi podstatnym faktorem
ovlivitujicim rychlost §t€peni substratu, jelikoz experimentalni data se modelové kiivce velmi
blizi, ale ptfesto skute¢ny pribéh vykazuje urcité odchylky. To svéd¢i o tlakové zavislosti
kinetickych konstant K, a k.4, k jejichz stanoveni by vSak bylo zapotiebi dal§ich experimentt.

Tyto experimenty v soucasné dob¢ probihaji a vysledky budou publikovany v budoucnosti.

Experimentalni studie HIV-1 PR za vysokého tlaku ukézala, Ze za teploty 25 °C je dimer
proteinu velmi stabilni, jeho disocia¢ni konstanta koresponduje s jinymi dfive ziskanymi
experimentdlnimi hodnotami. Dimer stabilizovany inhibitorem ani za vysokého tlaku
nepodléha unfoldingu, ktery proto miize nastat jedin¢ v pfipad¢ disociace dimeru. Samotné
monomery jsou za uvedené teploty za atmosférického tlaku stabilni vii¢i unfoldingu, jejich
terciarni struktura se rozpada az za zvySeného tlaku. Enzymova kinetika je zdsadn¢ ovlivnéna
disociaci dimeru, ale jisty vliv na ni ma i tlakova zavislost samotnych kinetickych konstant, K,

a k.q¢. Ten v8ak dosud nebyl detailn€ prozkouman a bude predmétem dalSich méteni.

2.3.  Teoreticky popis rovnovih v roztocich oligomernich proteinii za vysokého tlaku

V nasledujici publikované praci (P6) jsme se zaméfili na teoreticky popis
oligomeriza¢nich rovnovah za vysokého tlaku. Cilem prace bylo vytvofit univerzalni popis
téchto d&ji pro riizné pocty podjednotek ve variantdch homo- i heterooligomerti. Popis byl
zalozen pfedev§im na zménach poloh inflexnich boda tlakovych zavislosti stupnii konverze
jednotlivych oligomerizacnich stavi. Popis byl doplnén matematickymi vzorci pro jednotlivé
rovnovahy, které jsou sice mnohdy komplikované pro manualni pocitani, ale Ize je pouzit pro

pocitacové zpracovani problému.

Teoreticky popis byl vypracovan pro n€kolik typt rovnovah. Nejjednodussim typem je
uzaviend rovnovaha homooligomerniho systému, tj. rovnovaha mezi oligomerem o daném
poctu podjednotek a volnymi podjednotkami (monomery) bez piredpokladu vzniku jakychkoli

mezistupiill. Kfivka pfechodu ma v tomto pfipadé jen jeden inflexni bod a je popsatelna
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podobnou rovnici jako v pfipadé homodimeru. Dale bylo zpracovano nékolik zakladnich
uzavienych rovnovah pro heterooligomery, konkrétné heterodimer a heterotrimery typa A,B
nebo ABC. Teoreticky model byl vytvoien i pro rovnovahy postupné (konsekutivni), kdy mezi
monomery a vyslednym oligomerem stoji jeSté n¢kolik mezistavli danych postupnou tvorbou
vysledného komplexu. Popis téchto rovnovah uz je relativné slozity, proto byl vytvofen jen pro

homotrimer a oba typy heterotrimerti.

Tato teoreticka prace tedy piinasi prehledné zpracovani popisu rovnovah v riznych
typech oligomernich proteinovych komplexti podléhajicich disociaci vlivem vysokého tlaku.
Jejim cilem je usnadnit vyhodnoceni ptipadnych dalSich experiment( s oligomernimi proteiny

ruzné komplexnosti.

Pouziti vysokého tlaku predstavuje jiny, méné¢ obvykly pfistup ke studiu rovnovah i
kinetiky procesii probihajicich na proteinovych molekulach, jimiZ jsou zejména unfolding,
disociace podjednotek, agregace, enzymova kinetika, ptipadné interakce s ligandy. Vysoky tlak
predstavuje nezavislou termodynamickou proménnou umoznujici posun rovnovah jednotlivych
déji do koncentracnich oblasti, kde je snazsi jejich experimentdlni detekce. To umoziuje
zkouméni fady jevii a méfeni mnoha veli¢in, které by za atmosférického tlaku nebylo

proveditelné.
2.4.  Dalsi plany a perspektivy

I pfes jistou logistickou komplikaci danou nutnosti méfeni na zahrani¢nim pracovisti je
tento projekt stale aktivni, byt’ v souc¢asné dobé neni tolik ve stfedu naseho vyzkumného z4jmu
jako projekt predchozi. Ptesto stale pracujeme na vyzkumu vlivu vysokého tlaku na strukturu
a enzymovou aktivitu HIV-1 PR. Planujeme zejména srovnani ptfirodni varianty enzymu s jeho
nékterymi mutantnimi variantami, jakoZ i s kovalentné spojenym dimerem, ktery nepodléha
disociaci. Dal$im moZnym smérem vyzkum chovani HIV-1 PR v makromolekularné
zahusSténém prostifedi (macromolecular crowding) simulujicim realné prostfedi, v némz se

molekuly proteinti nachazeji.
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3. Kinetika enzymové katalyzovanych reakci
Publikované prace

P7 M. Ingr, T. Uhlikova, K. Strisovsky, E. Majerova, J. Konvalinka, Kinetics of the
dimerization of retroviral proteases: the “fireman’s grip” and dimerization, Protein
Sci. 12 (2003) 2173-2182. [66]

P8 V. Hyskova, K. Bélonoznikova, I. gmeringaiové, D. Kavan, M. Ingr, H. Ryslava,
How is the activity of shikimate dehydrogenase from the root of Petroselinum
crispum (parsley) regulated and which side reactions are catalyzed?,
Phytochemistry. 190 (2021) 112881. [68]

P9 A. Ticha, S. Stanchev, J. Skerle, J. Began, M. Ingr, K. Svehlova, L. Polovinkin, M.
Razicka, L. Bednarova, R. Hadravova, E. Polachova, P. Rampirova, J. Biezinova,
V. Kasi¢ka, P. Majer, K. Strisovsky, Sensitive Versatile Fluorogenic
Transmembrane Peptide Substrates for Rhomboid Intramembrane Proteases, J. Biol.
Chem. 292 (2017) 2703-2713. [69]

P10 H.E. Hoffman, J. Jiraskova, M. Ingr, M. Zvelebil, J. Konvalinka, Recombinant
human serine racemase: enzymologic characterization and comparison with its

mouse ortholog, Protein Expr. Purif. 63 (2009) 62—67. [70]

Téma enzymové kinetiky c¢aste€né souvisi s vySe diskutovanym tématem studia
proteinli za vysokého tlaku, vénoval jsem se mu v3ak jiz dfive a také v ramci jinych projekti,
vzajemné velmi odlisnych, pficemz vSechny predstavovaly odborné relevantni témata zajimava
z mnoha riznych thli pohledu. Jednalo se nejdiive o vyzkum enzymové kinetiky a disociaéni
rovnovahy dimernich retrovirovych proteinas, pozdé€ji jsem se vSak podilel 1 na vyzkumu
aktivity serinové racemasy. Velmi zajimavym tématem byl také vyzkum rhomboidovych
proteinas, coz jsou enzymy membranové, takze popis jejich enzymové aktivity musi brat
v potaz jejich rozmisténi ve dvojrozmérném prostoru biomembran. Kone¢né v ramci posledni
prace na toto téma jsem se podilel na identifikaci mechanismu dvojsubstratové zvratné reakce

katalyzované Sikimatdehydrogenasou, rostlinnym enzymem pfipravenym z kotene petrzele.

3.1.  Kinetika dimerizace retrovirovych proteinas a jeji ovlivnéni strukturnim motivem

wfireman’s grip“.

Moje prvni prace z této oblasti (P7) souvisi se studiem kinetiky a dimeriza¢ni rovnovahy

retrovirovych proteinas, av$ak na rozdil od P5 klasickymi nizkotlakymi metodami. Retrovirové
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proteinasy jsou dimerni proteiny, pficemz pravé dimerizace je nezbytna pro jejich enzymovou
aktivitu [71]. Stanoveni disocia¢ni konstanty dimeru bylo v minulosti provadéno mnoha
vyzkumnymi skupinami s relativné nejednotnymi vysledky zavislymi na pouzité metodice a
konkrétnich podminkach experimentu. Kromé toho bylo také zjisténo, Ze enzymova aktivita
retrovirovych proteinas zavisi na tom, jestli vedle kyseliny asparagové v aktivnim misté
enzymu se nachazi aminokyselina threonin nebo serin, coz jsou jediné dvé varianty v
retrovirech nalezené. Tato aminokyselina tvoii spolu s leucinem piedchazejicim aspartat
aktivniho mista a analogickymi aminokyselinami druhého monomeru strukturni motiv zvany
»fireman’s grip® (hasi¢sky chvat — ndzev je vychazi z podobnosti se stolickou ze ¢tyt rukou
pouzivanou k zachrané ranéného), ktery propojuje oba monomery siti vodikovych vazeb, ¢imz
prispiva ke stabilizaci dimeru. Muta¢ni studie provedené v obou smérech prokazaly, Ze varianty

s threoninem jsou vzdy aktivnéjsi [72-75].

V nasi praci jsme si proto kladli za cil vysvétlit vliv této aminokyseliny na stabilitu
dimeru retrovirovych proteinas. Vysli jsme tedy ze dvou ptirozené se vyskytujicich (wild-type)
proteinas z retrovirit HIV-1 a MAV (myeloblastosis-associated virus), z nichZ prvni obsahuje
ve zminéném motivu threonin a druhy serin, a k obéma pfipravili metodami rekombinantni
exprese a purifikace i opacné varianty. Kromé toho jsme jesté pouzili pfirozenou variantu viru
MPMYV obsahujici ve fireman’s gripu rovnéZ threonin. Pro vSechny tyto enzymy jsme stanovili
rovnovaznou konstantu disociace dimeru, stejné jako jednotlivé rychlostni konstanty procest
asociace a disociace, na zékladé¢ méteni rychlosti St€peni fluorescenc¢niho substratu danym
enzymem. M¢&feni probihalo tak, Ze koncentrovany zasobni roztok proteinasy byl
zfedén pufrem vhodnym pro pribéh enzymové reakce a byl inkubovan za teplotniho optima
daného enzymu. V urcitych ¢asech byly z tohoto roztoku odebirany vzorky, k nimz byl v kyveté
fluorimetru pfidan fluorogenni peptidovy substrat, ktery nesl na jednom konci fluorofor (donor)
a na druhém zhase¢ fluorescence (akceptor) poskytujici Forsteriiv rezonancni prenos energie
(FRET). Aktivita enzymu byla tedy monitorovana rychlosti ristu fluorescence donoru.
Z namé&fenych dat byla vypoctena jak rovnovazna konstanta disociace dimeru, tak i rychlostni
konstanty jeho disociace i asociace. Z naméienych hodnot bylo patrné, Ze vSechny enzymové
varianty obsahujici threonin v motivu fireman’s gripu mély disociacni konstantu v praméru o
fad nizsi nez varianty obsahujici serin, byly tedy termodynamicky stabilnéjsi. Pfi¢ina tohoto
jevu neni zcela jednozna¢né objasnéna, ale Ize ji anticipovat z okolnosti, Ze u termodynamicky
stabilnéjSich T-variant je zjevné vyssi rychlostni konstanta asociace dimeru, zatimco rychlostni

konstanty disociace se od S-variant ptili§ nelisi. Je tedy pravdépodobné, Ze struktura fireman’s
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gripu ma vyznam pro poc¢atecni stadium asociace monomert a ze methylové skupiny threoninu

tuto strukturu stabilizuji 1épe nez postranni fetézce serinu.

Nase zaveéry tedy prispivaji k poznani vztahu mezi strukturou a funkci retrovirovych
proteinas. Navic podporuji hypotézu, ze volba mezi serinem a threoninem je evolucné
podminéna a souvisi s regulaci aktivity pfislusné proteinasy ve virové Castici, protoze pro

infektivitu viru je Skodliva aktivita jak ptili§ nizka, tak piilis vysoka [71,76].

3.2.  Mechanismus dvojsubstrdtové zvratné reakce katalyzované

Sikimatdehydrogenasou 7 koiene petriele

V mé dosud posledni praci z oblasti enzymové kinetiky (P8) jsme se s kolegy z katedry
biochemie PiF UK zabyvali mechanismem syntézy kyseliny Sikimové enzymem
Sikimatdehydrogenasou. Ta je kliCovym enzymem Sikimatové drahy, kterd je vyznamnou
cestou syntézy aromatickych biologicky aktivnich sloucenin. Jelikoz se vSak tato vyskytuje
jenom u bakterii, hub, rostlin a paraziti podkmene vytrusovct, ale ne u Zivocichd, mohou
inhibitory této drahy byt pouZivany jako antimikrobidlni ¢i herbicidni latky [77,78]. Cilem této
prace proto bylo popsat reakéni mechanismus reakce katalyzované Sikimatdehydrogenasou

z petrzele a identifikovat jeji pfirodni inhibitory.
Jedna se o dvojsubstratovou reakci
NADPH (A) + H* + DHS (B) 2 SA (P) + NADP™ (Q), (5

kde NADP* je oxidovana forma koenzymu nikotinamidadenindinukleotidfosfatu, NADPH
jeho forma redukovand, SA je kyselina Sikimova (Sikimat) a DHS jeji dehydrogenovana forma
(dehydrosikimat), pismena v zavorkach jsou uvedena jako zjednoduSujici zkratky. Rovnovaha
reakce neni vyrazn€ posunuta ani jednim smérem, takZe se tato chova jako reakce zvratna.
Reakce tohoto typu miiZe obecné probihat mechanismy nékolika druhil. Typickym ptikladem
je mechanismus uspofadany (sekvencni), kdy se na enzym navaze postupné nejdiive substrat
A, po ném substrat B a pak teprve probéhne reakce. Jinou mozZnosti je mechanismus typu ping-
pong, kdy se nejdiive navaze substrat A, je pfeménén na produkt za soucasné modifikace
enzymu, a na takto modifikovany enzym se navaze substrat B, jenZ je nasledné pfeménén na
druhy produkt, ¢imzZ se enzym pireméni zpét do vychoziho stavu. Je vSak znama celd fada
dalSich mechanismii, které se u dvojsubstratovych reakci mohou vyskytovat [79]. V piipade

zvratné reakce pak musime obecné predpokladat riznost prubéhu reakce z jedné a druhé strany.
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K identifikaci mechanismu lze vyuzit stanoveni typu inhibici jednotlivymi reakénimi
produkty, a to v obou smérech. To znamena, Ze napft. k reakci, jiz se uastni substraty A a B,
pfiddme jako inhibitor produkt P a tento pokus opakujeme s postupné se ménicimi
koncentracemi obou substratl i inhibitoru. Pfidavek produktu obecné plni roli inhibitoru, je
vSak tieba stanovit, zda se jedna o inhibici kompetitivni ¢i nekompetitivni, piipadné
akompetitivni. Pokud se jedna o inhibici kompetitivni, znamena to, ze produkt se navazuje na
stejnou chemickou entitu (molekulu enzymu nebo jeho komplex s druhym substratem) jako
sledovany substrat, v opacném piipadé¢ se vaze jinym zplsobem. S vyuzitim stanoveni
mechanismu inhibici pro vSechny kombinace substrati a inhibitori jsme poté schopni ziskat

cenné informace o reakénim mechanismu.

V pfipadé naseho enzymu Sikimatdehydrogenasy jsme ziskali vysledky shrnuté

v tabulce 1.

Tabulka 1. Typy inhibice pro reakce jednotlivych substratii inhibované jednotlivymi
produkty. C — kompetitivni inhibice, NC — nekompetitivni inhibice.

Inhibitor Q (NADP) P (SA) A (NADPH) B (DHS)
Substrat s NADPH | DHS NADPH DHS NADP SA NADP | SA
proménnou

koncentraci

Typ inhibice C NC C NC C NC NC C

Toto schéma neni typické pro zadny popsany mechanismus, predevSim proto, ze vuci
nukleotidovému substratu NADPH (A) ptisobi jako kompetitivni inhibitory oba produkty P
(Sikimat) a Q (NADP), coz znamena, Ze se na volny enzym mohou navazat oba tyto produkty,
¢imz dojde k zamezeni vazby substratu A. Pokud naopak povazujeme za substraty latky P a Q,
pak proti Q pisobi jako kompetitivni inhibitor latka A a proti P latka B. Naopak A neni
kompetitivnim inhibitorem proti P, z ¢ehoZ plyne, Ze sice P se miiZe navazat na volny enzym,
ale tato vazba je tzv. mrtvym koncem (dead end) reakéniho mechanismu, tedy stavem, ktery
nevede k reakci a pro dalsi aktivitu enzymové molekuly musi dojit k jeho zpétnému rozpadu.
Proti substratu B ptisobi v§echny produkty pouze jako nekompetitivni inhibitory, coz je obvyklé
1 pro uspofadany mechanismus. Na druhou stranu vSak proti latce P v roli substratu plisobi jako
kompetitivni inhibitor latka B, coz znamena4, Ze se tato miiZze navazat i na komplex EQ. Takto
muize vzniknout komplex EQB, ktery je ale nutné zase mrtvym koncem mechanismu.
S vyuzitim poznatku o vyznamné inhibici substratem B z mechanismu dale vyplyva, Ze substrat

B se muze vazat i na volny enzym, ¢imz vSak brani v navdzéani kosubstratu A, ale nikoli
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produktu Q, coz vede k vytvoieni mrtvého konce EQB opanym pofadim navazovani. |

komplex EB lze tedy rovnéz povazovat za mrtvy konec.

Obr. 13. Reakcni mechanismus oxidace kyseliny sikimové Sikimatdehydrogenasou. Prevzato a upraveno z P8.

Z uvedenych argumentl vyplyva reakéni mechanismus uvedeny na obr. 13. Jde o usporadany
mechanismus v obou smérech, avSak s tim Ze v obou smérech mohou vznikat i komplexy
enzymu a substratli, z nichz reakce nemuze produktivné pokracovat, takze musi dojit k jejich

zpétnému rozpadu. Tyto jsou celkem tfi a tvofi mrtvé konce reakéniho mechanismu.

V ramci prace byla dale méfena inhibice Sikimatdehydrogenasy aromatickymi latkami,
které se mohou vyskytovat v rostlinné tkani a slouzit jako regulatory jeji aktivity. Bylo zjisténo,
ze inhibi¢ni efekt obecné roste s poctem hydroxylovych skupin na téchto molekuldch
ptitomnych. Ze skupiny métenych latek byly nejlepsimi inhibitory kyselina ttislova, kyselina

kavové a kyselina chlorogenova.

Nase prace tedy pfispiva k poznani mechanismu reakce katalyzované enzymem, ktery
muze byt potencidlnim cilem fungicidnich a antimikrobialnich ptipravki, uvedené vysledky

proto mohou mit i nemaly technologicky potencial.

3.3.  Navrh a piiprava fluorescenénich substrdtii pro méreni enzymové kinetiky

rhomboidovych proteinas

Rhomboidové proteinasy (z angl. rhomboid proteinases), zkracené téz rhomboidy, jsou
pocetnou skupinou serinovych transmembranovych proteinas vyskytujicich se u témét vSech
organismu. Od vétSiny ostatnich proteolytickych enzymi se 1i$i tim, Ze jejich aktivni misto je
lokalizovdno v transmembrdnové doménég, nachazi se tedy uvnitf biomembrany, na niz je
enzym ukotven. Rhomboidy hraji roli pfedevs$im v riznych signalnich drahach, proto jsou ¢asto
vyuzivany jako cile terapeutického zdsahu [80—82]. Jelikoz byly objeveny az v roce 2001,
poznatky o nich nejsou dosud tak rozsdhlé¢ jako v piipad€ jinych skupin enzymi. Jejich
vyzkumem se zabyva mj. skupina Dr. Kvida St¥{$ovského na UOCHB AVCR, kde vznikla také

prace P9, na niz jsem mél moznost se podilet.
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Na rozdil od jinych proteinas nebyly dosud pro vyzkum rhomboidii navrzeny vhodné
nizkomolekuldrni peptidové substraty poskytujici odezvu méfitelnou jednoduchymi
spektralnimi metodami, tj. spektrofotometricky nebo fluorimetricky. Navrh takovych substrati
byl proveden vradmci tohoto projektu na zdkladé¢ transmembranové sekvence bézné
pouzivaného substratu LacYTM2. Z n¢j byla pievzata sekvence 36 aminokyselin, pficemz
Stépici misto bylo za 11. aminokyselinou od N-konce peptidu. Na tento peptid byly potom
umistény zbytky molekul poskytujicich Forsteriiv rezonan¢ni ptenos energie (FRET), a to tak,
ze do pozice P5 (). 5. aminokyselina od Stépiciho mista smérem k N-konci) byl umistén
fluorescencni donor EDANS (5-((2-aminoethyl)amino)naftalene-1-sulfonova kyselina) a do
pozice P4’ (4. smérem k C-konci) zhasec fluorescence DABCYL
(4-((4-(dimethylamino)fenyl)azo)benzoova kyselina). Byly zmétfeny kinetické parametry
Stépeni tohoto substratu vybranymi rhomboidy. Tato méfeni prokazala, ze aktivita vSech
pouzitych enzymi byla dostate¢na na to, aby navrZeny substrat byl vhodny pro kinetickd méfeni
enzymové aktivity thomboidi. Vzhledem k tomu, ze pfedpoklddana dalsi kinetickd méfeni
mohou obsahovat i dalsi latky, napf. inhibitory, které by piipadné mohly interferovat se
spektralni odezvou pouzitého fluoroforu (EDANS), byla zkonstruovana téz varianta substratu
se spektrem posunutym k vy$Sim vlnovym délkam. V této variant€¢ byl pouzit fluorofor
TAMRA (tetramethylrhodamin) a zhase¢ QXL610. Zatimco pro EDANS lezi excita¢ni vinova
délka v UV oblasti spektra (335 nm) a emisni je a 495 nm, odpovidajici hodnoty pro TAMRA
jsou 553 nm, resp. 583 nm, coZ vyluc€uje ruseni absorpci napt. isokumarinem, pouzivanym jako
inhibitor. I tento substrat byl kineticky charakterizovan a vykazoval dobré vlastnosti pro dalsi

vyzkumné pouZiti.

Na zédkladé mutacnich studii Stépiciho mista byl dale pfipraven substrat obdobny
ptedchozi varianté, tedy také s fluorescencnimi znackami TAMRA-QXL610, u néhoz vSak byla
zménéna sekvence aminokyselin v mistech P5-P1 z pivodni sekvence HISKS na RVRHA.
Vi¢i tomuto novému substratu byly testované rhomboidy vice nez 50-krat aktivnéjsi a tedy 1
vhodné&jsi pro kinetickd méteni.

V ramci této prace byla studovana i zavislost reak¢ni rychlosti na koncentraci amfifilni
latky tvofici membranové Castice (lipozomy), na nichz reakce probihaji (zde DDM, n-dodecyl-
B-D-maltopyranosid). Bylo totiZ pozorovano, ze s rostouci koncentraci této latky v oblasti nad
kritickou micelarni koncentraci (CMC) enzymova aktivita klesd. Toto se ukdzalo byt

diisledkem rozdéleni molekul enzymu a substratu na rizné lipozomy, k cemuz mize dojit

zejména v piipad€ nizkych koncentraci obou latek. Tyto latky jsou navic pfipraveny
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v zasobnich roztocich rovnéz na lipozomech, proto po jejich smichéni v reakéni smési musi
nejdiive dojit k prechodu jejich molekul mezi lipozomy, aby byly molekuly enzymu i substratu
pfitomny na spolecnych lipozomech. Pokud je koncentrace lipozomii vétsi nez koncentrace

enzymu i substratu, je pocet lipozomu obsazenych obéma partnery dan vztahem

nE'nS

Ngsmy = U (6)
L

kde ng, ng a n; jsou po fadé pocty molekul enzymu, molekul substratu a lipozomu
v reakéni smési. Odtud plyne, Ze rychlost reakce by méla byt nepfimo umérné koncentraci
lipozomd, tedy i koncentraci detergentu DDM v reakéni smési, tj. v~[DDM]~1. Toto bylo
skute¢né pozorovano v oblasti vysSich koncentraci DDM (kolem 100 mM), zatimco se
snizovanim koncentrace se snizuje i absolutni hodnota exponentu zavislosti — za koncentrace
v fadu jednotek mM platilo v~[DDM]~%%*. V této oblasti totiz uz pfestava platit piedpoklad o

nadbytku lipozomi nad biomolekulami, coz vede ke zmirnéni uvazované zavislosti.

Uvedena zjisténi vedou k nasledujicim doporuc¢enim pro méfeni enzymové kinetiky
rhomboidii a membrénovych proteinas obecng. Zaprvé je nezbytné, aby pro srovnatelnost
vysledki riznych experimentl bylo vzdy pracovano za konstantni koncentrace detergentu
vytvarejiciho lipozomy. Zadruhé, nejvhodnéjsi substraty pro kinetickd méteni jsou takové,
které 1ze skladovat v zasobnich roztocich bez detergentl nebo s jejich velmi nizkym obsahem
— tim se zmirni neurcitost zanesend do systému redistribuci molekul mezi lipozomy. Prave
z tohoto druhého divodu jsou velmi vhodné kratké peptidové substraty pfipravené v ramci této
prace, nebot’ tyto 1ze skladovat v bezvodém dimethylsulfoxidu bez pfitomnosti jakychkoli

amfifilnich latek. To jesté zvySuje jejich uzite€nost pro vyzkum rhomboidovych proteinas.

3.4.  Enzymologicka charakterizace rekombinantni lidské a mysi serinové racemasy

Serinova racemasa (SR) je enzym katalyzujici pfeménu aminokyseliny L-serinu na D-
serin [83,84]. Vzhledem k identické termodynamické stabilité¢ obou izomerti v achiralnim
prostfedi miize reakce snadno bézet obéma sméry. Zajimavy je vSak pfedevs§im smeér od L-
serinu k D-serinu, protoze predstavuje biosyntézu této neproteinogenni D-aminokyseliny, ktera
hraje roli vtadé fyziologicky vyznamnych procesi. Kromé katalyzy racemizace optickych
izomert serinu katalyzuje SR také (-eliminaci kazdého z nich za vzniku opticky neaktivniho
pyruvatu [85,86]. Vzhledem k tomu, Ze D-serin je vyznamnym neurotransmiterem [87,88], je
SR dlouhodobé zkoumana jako potencidlni terapeuticky cil v 1é€bé nemoci jako mozkova

mrtvice nebo Alzheimerova choroba.
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V praci P10, ktera vznikala ve skupiné prof. Jana Konvalinky na UOCHB AVCR, bylo
nasim cilem srovnani kinetickych vlastnosti lidské SR (hSR) a jejiho mysiho ortologu (mSR),
ktery s ni vykazuje 89 %-ni sekvenéni shodu. Kromé toho byl cilem rovnéz vyvoj postupu
exprese a purifikace rekombinantni hSR exprimované v kultute bakterie Escherichia coli (E.

coli).

Exprese proteinu byla provadéna z genu optimalizovaného podle cetnosti vyuziti
kodonii (codon usage) v daném organismu. Optimalizace byla provedena pomoci webového
nastroje GeMS (http://software.kosan.com/GeMS) [89]. Takto upraveny gen nebyl v dobé
provadéni studie k dispozici, proto byl syntetizovdn slozenim ze synteticky pfipravenych
oligonukleotidit metodou polymerazového cyklického skladani (polymerase cycling assembly
- PCA) [90,91] zaloZeného na pouziti metody PCR. Nejdiive byly zakazkové syntetizovany
oligonukleotidy o co nejvétSich délkach (limitujicim faktorem jsou moznosti chemické
syntézy), které se prekryvaji stiidavé svymi 5’ a 3 konci. Tato smés byla potom smichéna
s ostatnimi  komponentami  bézné¢  pouzivanymi v PCR (reakéni pufr, smés
deoxynukleosidtrifostatii, termostabilni DNA polymeréaza), pfi¢emz pouzité oligonukleotidy
plnily zaroven funkci templétu i primert. V prubéhu teplotnich cykli obdobnych PCR dochézi
k postupnému propojeni oligonukleotidl a vzniku celé pozadované sekvence. Jelikoz vSak je
tento produkt vyrazn¢ kontaminovan nekompletnimi fragmenty cilové sekvence, provede se
nakonec jeji amplifikace klasickou PCR tak, Ze se mala ¢ast vysledné reakéni smési z PCA
pouzije jako templat, ktery je néasledné amplifikovan koncovymi primery. JelikoZ sekvence
genu hSR ma délku 1020 part bazi (bp), byla rozdélena na dvé ¢asti zvané syntony po cca 500
bp, protoZe pro delsi useky je metoda PCA malo U¢inna. Tyto syntony pak byly spojeny
klasickymi metodami genového inZenyrstvi s vyuZitim Sté€peni restrikénimi endonukleasami a
spojeni pomoci DNA ligasy. (V dobé této prace byla syntéza genii pomérné inovativnim a u
nas ziidka pouzivanym postupem, v dnesni dob¢ se vSak jeji provadéni vlastnimi silami uz
nevyplati z diivodi snadné komercni dostupnosti.) Syntetizovany gen byl poté vlozen do
plasmidu pUC19 a nasledné do expresniho plasmidu pMPM-A4-2 s arabinosou
indukovatelnym promotorem araBAD. Samotnd exprese a purifikace byla provadéna

metodami pievzatymi z literatury.

Nasledné¢ byly stanoveny kinetické konstanty K,, a k.4, definované v modelu
jednosubstratové enzymové kinetiky dle Michaelise a Mentenové, pro nové pfipraveny enzym
a jejich hodnoty byly porovnany s mysim ortologem SR (mSR), pfipravenym jiz diive. Byly

sledovany Ctyfi reakce, a to racemizace v obou smérech a 3-eliminace obou optickych izomert
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serinu. Oba enzymy se shodovaly prakticky ve vSech kinetickych parametrech, jedinou
vyjimkou byla B-eliminace D-serinu, u niz byla mysi varianta vice nez tiikrat aktivng&jsi.
Vysvétleni tohoto rozdilu na strukturni bazi vSak nebylo mozno provést, jelikoz v t&€ dobé
nebyla znama krystalova struktura ani jednoho z enzymt. Vedle konstant K,,, a k.,¢ byly pro
oba enzymy stanoveny také konstanty inhibice K; pro racemizaci L-serinu tfemi kompetitivnimi
inhibitory, malonatem, L-erythro-3-hydroxyaspartdtem a glycinem. Bylo zjiSténo, Ze vSechny
inhibitory inhibuji oba enzymy a Ze jejich inhibi¢ni konstanty jsou pro oba enzymy fadovée
srovnatelné. Pro hSR vsak jejich hodnoty byly vzdy 2-4-krat nizs§i nez pro mSR, vysvétleni

tohoto rozdilu na strukturni trovni v§ak rovnéz nebylo mozné.

V ramci této studie tedy byla nalezena optimalizovana metoda ptipravy hSR s kodonoveé
optimalizovaného synteticky pfipraven¢ho genu a byly porovnany kinetické vlastnosti tohoto
enzymu s jeho myS$im ortologem mSR. Kinetické i inhibi¢ni vlastnosti obou enzymu byly
vzajemné velmi blizké, coz ospravedlnilo pouzivani mSR jako modelu hSR a jeho pouziti ve

vyhledavani (screeningu) inhibitort.
3.5.  Dalsi plany a perspektivy

Oblast enzymové kinetiky a chemické kinetiky obecné propojuje fadu témat v této praci
uvedenych. Proto je pravdépodobné, Ze se ji pfimo ¢i nepiimo budu vénovat i nadale. Nekteré
z ptipravovanych nebo Cerstvé zahajenych projekttl, jak uZ bylo zminéno, se vénuji vyzkumu
vlastnosti proteini v makromolekularn¢ zahusténém prostfedi (macromolecular crowding).
Této oblasti se chceme vénovat jak metodami vysokotlakymi, tak také konvenénimi metodami
vyzkumu proteini. Rovnéz predpokladame, ze v nékterych experimentech ndm bude velmi ku
prospéchu nové budovanad aparatura pro manipulaci mikroskopickymi objekty metodou
optickych pasti, kterou planujeme vyuzit k fadé experimentll s proteinovymi i neproteinovymi
makromolekulami. Jelikoz vSak jsou tyto experimenty stale ve fazi ptiprav, podrobnéji je zde

nerozvadim.

4. Vypocty elektronového rozptylu na molekuliach metodami kvantové

chemie

Publikované prace
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P11 M. Polasek, M. Juiek, M. Ingr, P. Cérsky, J. Horacek, Discrete momentum
representation of the Lippmann-Schwinger equation and its application to electron-
molecule scattering, Phys. Rev. A. 61 (2000) 032701. [92]

P12 M. Ingr, M. Polasek, P. Cérsky, J. Horacek, Discrete momentum representation
method for polar molecules: Calculation of the elastic electron scattering on the H.O
molecule, Phys. Rev. A. 62 (2000) 032703. [93]

P13 M. Ingr, H.-D. Meyer, L.S. Cederbaum, Potential energy curve of the
X2Sigmau$\mathplus$resonance state of F2-computed by CAP/CI, J. Phys. B: At.
Mol. Opt. Phys. 32 (1999) L547-L556. [94]

Rozptyl elektronii na molekuldch a povrSich pevnych latek a krystalech je jednou
z metod studia struktury molekul. Ttebaze neni vyuzivany tak €asto jako rentgenova difrakce
nebo NMR, patii mezi metody vhodné zejména pro studium struktury molekul absorbovanych
na povrsich pevnych latek [95], v soucasnosti v§ak nabyva na vyznamu i jako metoda studia
struktury krystali [96,97]. Elektronovy rozptyl miize byt bud’ elasticky, kdy rozptyleny elektron
opousti misto srazky s molekulou se stejnou energii, s niz pfiSel, a neelasticky, kdy je jeho
konecnd energie nizsi nez pred srazkou. Neelasticky rozptyl tedy muize byt vyuzivan jako
spektroskopickd metoda komplementarni ke spektroskopii optické, jelikoz pfechody mezi
jednotlivymi stavy se fidi odliSnymi vybérovymi pravidly. Tato metodika je znama pod

zkratkou EELS (electron energy-loss spectroscopy) [98].

4.1.  Vypocty ucinnych priiiezit elastického rozptylu elektronit na molekuldach v bazi

rovinnych vin

V nagich pracich P11 a P12 jsme se ve skupiné prof. Petra Carského na UFCH JH
AVCR zabyvali vyvojem kvantovéchemické metody pro vypodet tginnych prifezi elastického
elektronového rozptylu, tj. pravdépodobnosti rozptylu elektronu do riznych sméra v zavislosti
na energii rozptylovaného elektronu. Vypocet byl zaloZzen na feSeni Lipmannovy-
Schwingerovy rovnice v bdzi rovinnych vin, které jsou vhodné pro popis stavu nevazaného
elektronu. Baze téchto rovinnych vin byla rozmisténa v diskrétnich bodech impulsového
prostoru, pfi€emZ jejich angularni pozice byly dany smérovymi vektory vrcholii a dalSich
vyznamnych bodl pravidelnych mnohosténti ikosaedrické symetrie (pravidelny dodekaedr a
ikosaedr). Distribuce v radidlni dimenzi byla ddna transformovanymi body Gaussovych
integracnich kvadratur. Metoda dostala nazev discrete momentum representation (DMR) (v

analogii s béZné pouZzivanou metodou discrete variable representation - DVR).
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Jelikoz jsme se zabyvali rozptylem na molekulach v plynné fazi, bylo kromé samotného
feSeni rovnice jeSté tieba provést zprimérovani hodnot ucinného prifezu pies vSechny
prostorové orientace cilové molekuly. Protoze feSenim dostaneme hodnoty t¢inného prifezu
pro ptechod elektronu z jakéhokoli vychoziho sméru do jakéhokoli sméru findlniho, byla
vytvofena fitovaci procedura, pomoci niz byl G¢inny priiiez prolozen hladkou funkci a tato byla

nasledné zintegrovana.

Protoze podle Pauliho principu jsou vlnové funkce viceelektronového systému
antisymetrické vzhledem k zaméné elektronii, musi toto pravidlo platit i v systému, kde dochazi
k rozptylu, a to nejen pro elektrony cilové molekuly, ale pro vSechny elektrony vcetné elektronu
rozptylovaného. Tato podminka ¢ini feSeni ulohy komplikovanym, proto byl v naSich
vypoctech pouzit jenom nejjednodussi pfistup zvany statickd vyménna aproximace (static
exchange approximation), kterd vychdzi z modelu nezavislych elektroni, a je tedy obdobou

Hartreeho-Fockovy metody pro nevazané stavy.

V prvni praci P11 byl pocitan elasticky rozptyl na empirickém Yukawové potencidlu a
na nepolarnich molekulach vodiku a methanu. Tato prace potvrdila dobrou shodu s analytickym
feSenim pro Yukawlv potencidl a s experimentdlnimi hodnotami ucinnych prifezti pro obé

molekuly a tedy 1 jeji dobrou aplikovatelnost na dal$i systémy.

Na tuto préaci potom navazoval analogicky vypocet na molekule vody (P12). Principiélni
rozdil mezi touto molekulou a molekulami pfedchozimi spociva v jejim nenulovém dipdlovém
momentu, ktery plisobi singularitu ve vypoctu elementli matice interakéniho potencidlu pro
rozptyl v dopfedném smeéru (elektron odchéazi ve stejném sméru, v jakém pftiSel). Bylo vSak
prokazano, Zze vzhledem k povaze této singularity a rozmisténi miiZzkovych bodt v impulsovém
prostoru sta¢i nahradit integral dopfedného rozptylu nulou a dale vypocet probihd analogicky
pfipadu nepolarni molekuly. Vypocet pak prokazal dobrou shodu mezi vypoctenymi a

experimentalnimi hodnotami uc¢innych prirezi.

4.2.  Vypocty parametru rezonancniho elektronového stavu na molekule F s vyuZitim

komplexnich absorbujicich potencialit

V dalsi préci (P13) jsem se v€noval vypoctim rezonan¢niho elektronového rozptylu na
molekule F». Tento vyzkum probihal ve spolupraci s Dr. Hans-Dieterem Meyerem ze skupiny
Prof. Lorenze S. Cederbauma z Univerzity v Heidelbergu. Rezonancemi nazyvame
kvazivazané stavy, v nichZ je dopadajici elektron zachycen na dobu fadové delsi, nez je délka

kolize elektronu s molekulou v béZném nerezonan¢nim rozptylu. Tim vznikd Gtvar podobny
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aniontu dané¢ molekuly, ktery ovSem neni v Case stabilni a nasledn¢ se rozpadd uvolnénim
elektronu. Proto pro kazdy rezonan¢ni stav mizeme definovat stiedni dobu Zivota, jejiz urceni
je cilem provadéného vypoctu spolecné s uréenim energie, za niz ke vzniku rezonan¢niho stavu
dochazi. Je zjevné, ze Gcinny prifez je pro rezonancni stav vyrazné veétsSi nez pro rozptyl
nerezonancni. Vypocet energie a stiedni doby zivota je mozné prevést na problém nalezeni
vlastnich hodnot a vlastnich funkci Hamiltonianu systému, jako je tomu v piipad¢ stacionarnich
stavu. Vzhledem k tomu, Ze vS8ak rezonan¢ni stav neni stacionarni, v ¢ase zanika, nema vlnova
funkce tohoto stavu v nekonecnu nulovou limitu, naopak exponencidlné roste k nekonecnu.
Energie tohoto stavu je potom tieba vyjadiit jako komplexni ¢islo, jehoz imaginarni ¢ast udava

prave sttedni dobu zivota rezonance.

Pokud chceme k praktickému vypoctu vyuzit béznych metod kvantové chemie
slouzicich k vypoctu vazanych stavli, musime vlnovou funkci zbavit jeji divergujici ¢asti. To
1ze provést riznymi metodami, z nichZ nejvyznamnéjs$imi jsou metoda Feshbachovy projekce
[99,100], stabiliza¢ni metoda [101] nebo metoda komplexniho $kalovani [102—104]. Jinou
moznosti, kterd byla pouzita v nasi praci, je aplikace komplexnich absorbujicich potenciali
(complex absorbing potential — CAP) [105]. Jde o potencidlové funkce pisobici na
rozptylovany elektron, které pfiCteme k zdkladnimu potencidlu pochézejicimu od samotné
cilové molekuly. V blizké oblasti kolem molekuly jsou tyto funkce nulové, neovliviiuji tedy
strukturu samotného rezonan¢niho stavu, od jisté vzdalenosti pak plynule rostou k nekonecnu.
Tyto funkce jsou vSak vynasobeny imaginarni jednotkou, maji tedy ryze imaginarni hodnotu,
coz umoziuje postupnou ,,absorpci®, tj. zanik divergujici ¢asti vlnové funkce, kterd potom
limituje k nule jako u stavu vazaného. Pokud by potencial byl realny, zptisoboval by odrazy
vinové funkce, a tedy vznik stojaté viny, ktera by potom ovliviiovala skute¢nou vinovou funkci
samotného rezonan¢niho stavu. Komplexni absorbujici potencidly jsou vSak empiricky
volenymi funkcemi a neni jednoduché najit jejich vhodny tvar. Proto je nutné k nému dospét
iterativné, tedy tak, ze provadime sérii vypocti komplexni energie rezonan¢niho stavu
s postupné se ménicim CAPem a hleddme takovou jeho velikost, kolem niZ se hodnota energie
stabilizuje. Pokud je totiz CAP pfili§ maly v oblasti pokryté bazovymi funkcemi pouzitymi
k vypoctu, nema na vypocet dostatecny vliv, pokud je naopak pftili$ silny, ovlivituje vypocet az

ptili§ a méni tedy vlnovou funkci v oblasti existence rezonancniho stavu.

V nas$i studii jsme s vyuzitim CAP pocitali metodou multireferencni konfiguraéni
energie (MRCI) — tato metoda jako celek byla oznac¢ena CAP/CI — komplexni energie aniontu

F; v zékladnim stavu (X Z;) pro fadu mezijadernych vzdalenosti v oblasti, kde se energie
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tohoto iontu nachazi nad energii zakladniho stavu neutralni molekuly. V této oblasti se totiz
molekulovy aniont stdva rezonan¢nim stavem, ponévadz miize emisi jednoho elektronu pfejit
do energeticky niz§iho stavu neutrdlni molekuly. V oblasti, kde je energie aniontu nizsi nez
energie neutralni molekuly, je aniont stabilnim vazanym stavem, nebot neexistuje stav
neutralni molekuly, do néhoz by emisi elektronu mohl piejit. Vypocitané hodnoty Sitky
rezonance jako funkce mezijaderné vzdalenosti byly extrapolovany k nule, ¢cimz byl nalezen
bod kiizeni kiivek potencidlni energie zakladnich stavi aniontu a neutrdlni molekuly. To
umoznilo spravné vertikalni nastaveni obou kiivek, které¢ bylo mozno zkontrolovat porovnanim
se znamou experimentalné zjisténou hodnotou elektronové afinity atomu fluoru. Toto srovnani

poskytlo velmi dobrou shodu, kterd prokézala spravnost pouzitého ptistupu.

Podatilo se tedy prokazat pouzitelnost metody CAP/CI a konceptu komplexnich
absorbujicich potencidli obecné pro vypoCty rezonan¢nich stavli molekulovych anionti.
Kromé toho byly ziskany hodnoty energii a $ifek rezonanéniho stavu X X} aniontu F; pro fadu
mezijadernych vzdalenosti. Tato data jsou potfebna pro nasledny vypocet kvantové dynamiky
rezonan¢niho stavu, a tedy i simulace procesu disociativniho elektronového zachytu nebo

vypocty spekter vibraéné excitovaného elektronového rozptylu na molekule F,.

5. Aplikace metody polymerazové retézové reakce (PCR) a jejich
teoreticky popis
Publikované prace

P14 M. Ingr, J. Dostél, T. Majerova, Enzymological description of multitemplate PCR-
Shrinking amplification bias by optimizing the polymerase-template ratio, J. Theor.
Biol. 382 (2015) 178-186. [106]

P15 M. Ingr, J. Konvalinka, Theoretical description of the direct exponential
amplification and sequencing (DEXAS) method, Biol. Chem. 381 (2000) 439-445.
[107]

P16 H. Marusincovd, L. Huséarova, J. Rizicka, M. Ingr, V. Navrétil, L. Bunikova, M.
Koutny, Polyvinyl alcohol biodegradation under denitrifying conditions,
International Biodeterior. Biodegrad. 84 (2013) 21-28. [108]
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P17 V. Kotrbova, D. Aimova, M. Ingr, L. Borek-Dohalska, V. Martinek, M. Stiborova,
Preparation of a biologically active apo-cytochrome b5 via heterologous expression

in Escherichia coli, Protein Expr. Purif. 66 (2009) 203-209. [109]

Polymerasova fetézova reakce (PCR) byla objevena v roce 1983 Kary Mullisem jako
metoda mnohondsobné amplifikace vybraného useku molekuly DNA. Jeji mimoiadny védecky
piinos nejen ze vynesl jejimu objeviteli Nobelovu cenu, ale vedl k rozsifeni metody do mnoha
piibuznych védnich oborti od samotného zékladniho vyzkumu v oblasti molekularni biologie,
genetiky a biochemie pfes metody klinické diagnostiky az po forenzni analyzy typu urcovani
otcovstvi ¢i pachateld trestnych ¢int [110]. Tiebaze princip metody je velmi jednoduchy,
vyvinula se pestrd Skdla jejich riznych variant pouzivanych k Gceliim preparativnim i ke
kvalitativni a kvantitativni analyze. Typické provedeni metody PCR obsahuje v reakéni smési
pufr umoziujici aktivitu DNA  polymerasy, templatovou DNA, smés Ctyf
deoxynukleosidtrifosfati (ANTP) dva primery vymezujici konce amplifikovaného useku a
termostabilni DNA polymerasu. Reakce probihd ve tfech cyklicky se opakujicich krocich,
z nichz prvni probiha za vysoké teploty (94-98 °C) a dochézi pfi ném k disociaci (nazyvané téz
,»tani) fetézell tvoticich dvojSroubovicovou molekulu DNA, druhy za teploty v rozmezi cca
50-68 °C, pfi némz dochéazi k nasedani (anealingu) primerit na komplementarni sekvence
templatu, a teti za teplotniho optima funkce zvolené DNA polymerasy (typicky 72 °C), pfi
némz dochéazi k samotné polymerizaci novych vldken DNA enzymovou replikaci vlaken

templatu pritomného ve smési.
5.1.  Enzymologicky popis multitempldatové PCR

V klasickém provedeni PCR je amplifikovan jeden tisek DNA pomoci dvou primeri za
vzniku jednoho PCR produktu. Existuji vSak metody, kdy je vjedné reakéni smeési
amplifikovano vice PCR produkti. Tyto mohou vznikat piepisem nékolika templatti pomoci
stejné dvojice primerti — tato metoda se nazyva multitemplatova PCR, nebo pomoci vice dvojic
templati — potom jde o multiplexovou DNA [111]. Tyto metody slouzi k detekci a kvantifikaci
vice sekvenci DNA ve smési, a to véetné sekvenci malo zastoupenych. Cilem nasi prace bylo
teoreticky popsat pribéh soubézné amplifikace vice templath s ohledem na pfiCiny jevi
narusujicich spravnost stanoveni. Aby totiz bylo kvantitativni srovnani vSech téchto sekvenci
relevantni, je nutné udrZet po celou dobu reakce konstantni pomér vSech stanovovanych

templati. To vSak miize byt naruSovdno nékolika jevy, zejména nahodnosti amplifikace
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v ptipad¢ velmi nizkych koncentraci minoritniho templatu. Dana molekula templatu totiz
v jednom konkrétnim cyklu bud’ pfepsana je, nebo neni, coz u koncentrovanych templati vede
jen ke konstantnimu snizeni celkové ucinnosti, ale napt. v piipadé jediné templatové molekuly
muze dojit ke ztrat€¢ celého jednoho cyklu a tedy zdanlivému poklesu jeho koncentrace na
polovinu. Dalsi problém miize nastat v situaci, kdy jiz koncentrace PCR produktu, ktery se
stdva templatem dalSich cykld, dosahne stejné nebo vyssi hodnoty nez koncentrace DNA
polymerasy. Potom uz amplifikace probihd nikoli exponencidln€, ale pouze linearné, coz
znamena, ze produktu piibyva velmi pomalu. Protoze vSak DNA polymeréza je sdilena vSemi
templaty, dostanou se do tohoto stavu vSechny v okamziku, kdy do né& dospéje templat
majoritni. Pokud tedy chceme stanovit templat minoritn¢ zastoupeny, musime ho dokazat

detekovat jesté v oblasti, kdy amplifikace vSech templati probihala exponencialné.

V ramci nasi prace P14 jsme odvodili teoreticky model amplifikace v multitemplatové
PCR s platnosti také pro PCR multiplexovou. Popis je zaloZzen na modelu enzymové kinetiky
jednosubstratové reakce dle Michaelise a Mentenové, kde substratem je komplex enzym
primer, ¢i presnéji replikované vldkno DNA [112,113]. Vyznamnym vstupnim parametrem je
procesivita enzymu vyjadiend formou rovnovazné konstanty mezi enzymem asociovanym se
substraitem a enzymem volnym. Na zaklad¢ této teorie byl proveden nejen deterministicky
vypocet amplifika¢nich kiivek, ale 1 simulace amplifikace jako nahodného procesu na
jednotlivych molekulach. S jeho pomoci bylo stanoveno, jak procesivita enzymu ovliviiuje
moznost pfesné detekce minoritnich templati a v jakém nejmensim pomeéru k templéatu
majoritnimu lze pfi dané procesivit¢ enzymu minoritni templat detekovat. Vysledky byly

nasledné diskutovany v kontextu riznych aplikaci klasické i kvantitativni [114,115] PCR.

5.2.  Metoda piimé exponencidalni amplifikace a sekvenovani (Direct Exponential

Amplification and sequencing - DEXAS)

Metoda DEXAS byla navrzena koncem 90. let 20. stoleti Kilgerem a Pdédbem [116] jako
vylepSeni klasické Sangerovy metody sekvenace DNA [117]. Jeji podstata spociva
v oboustranné amplifikaci sekvenovaného tiseku DNA metodou PCR se simultdnni produkci
sekvenacnich fragmentd. V reakéni smési tedy musi byt pfitomny dva primery, z nichz kazdy
je znacen odliSnou fluorescenéni znackou. Reakéni smés dale obsahuje slozky obvyklé pro
sekvenaci DNA, tj. vhodny reak¢ni pufr, analyzovany vzorek DNA, termostabilni DNA
polymerasu, smés Ctyf  deoxinukleosidtrifosfati ~ (ANTP) a  jeden  zvoleny
dideoxinukleosidtrifosfat (ddNTP). Reakce je provedena paraleln¢ cCtyfikrat, vzdy s jednim
konkrétnim ddNTP (tj. ddATP, ddCTP, ddGTP, nebo ddTTP). Vyhodou metody oproti

46



klasickému provedeni je jednak amplifikace templatu a jednak moznost soubézné analyzy

sekvence z obou stran daného useku DNA.

Cilem nasi prace (P15) bylo vytvofeni teoretického popisu metody DEXAS, ktery by
umozioval snadné nalezeni n¢kterych parametri klicovych pro optimalni prib¢h reakce. Pro
nalezeni optimalniho priibéhu je vSak tfeba znat také pomeér afinit zvolené DNA polymerasy
k obéma typim nukleotidi. Ucinnost produkce fragmenti DNA pro naslednou
elektroforetickou analyzu totiz zavisi nejen na tomto parametru, ale také na poctu
amplifikacnich cykli, a pfedev§im na poméru dNTP a termindtora reakce ddNTP v reak¢ni
smési. Proto byl odvozen teoreticky model, ktery pii znalosti poméru afinit enzymu
k nukleotidiim a poc¢tu cyklti umoziuje urcit optimalni pomér ANTP a ddNTP. Vypocet byl dale
roz$ifen 1 na pokrocilejsi variantu metody DEXAS, v niZ mohou byt pouzity dva rlizné enzymy
lisici se v afinit¢ k dANTP tak, Ze jeden tyto termindtory reakce zaclenuje do DNA velmi
ochotné, zatimco druhy témét viibec. Z popisu vyplyva, ze pouziti takovych enzymi poskytuje
vEtsi variabilitu v pfipravé reakéni smési, takze je snazsi zvolit takovy pomér ANTP a ddNTP,
aby bylo dosazeno optimalnich reakénich podminek. Vedle toho byl posouzen také vliv
ucinnosti enzymové amplifikace, a tedy vSech vyse diskutovanych parametrli, na rovnomérnost
mnozstvi fragmenti jednotlivych délek, kterd je dalsim omezujicim pfedpokladem pro volbu
parametri reakce. Nasledné byl vyhodnocen také vliv chybové frekvence dané DNA
polymerasy na mozné zne€isténi signalu fragmenty vzniklymi v disledku vnesenych mutaci.
Tento vliv vSak byl shledan relativn€ mélo vyznamnym. Nakonec byl navrzen algoritmicky
postup, jak spravné urcit parametry PCR amplifikace v metodé DEXAS, tj. zejména pomér
dNTP a ddNTP, pomér pouzitych DNA polymeras a pocet cykla reakce, aby bylo dosazeno

optimalniho vytézku sekvenacnich fragmenti.

V nésledujicich letech vSak dosSlo k velmi bouflivému rozvoji sekvena¢nich metod a
zejména k rozsifeni kapilarnich sekvenatorti vyuzivajicich ¢tytbarevnou fluorescenéni detekci
fragmentli znacenych nikoli na primerech, ale reak¢nich terminatorech [118]. Kromé toho doslo
k prudkému rozvoji sekvenacnich metod ,,nové generace (Next-Generation sequencing, NGS)
[119,120] vhodnych pro rozsdhlé sekvenace celych genoml a metagenomii. VSechny tyto
metoda zefektivnily sekvenovani do té miry, ze vyhody piinaSené metodou DEXAS se staly
nevyznamnymi. Proto se tato metoda dale nerozvijela a nedoslo ani k Sir§imu vyuziti vysledkt
této prace. Presto byl DEXAS ve své dob¢ zajimavou myslenkou a teoretické zpracovani jeho

popisu se jevilo jako smysluplny ptispévek k rozvoji sekvenacnich metod.
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5.3.  Degradace polyvinylalkoholu za denitrifikujicich podminek

Polyvinylalkohol (PVA) je ve vodé rozpustny polymer s Sirokym vyuzitim ve vyrobcich
bézné denni potieby, v nichZ je vyuzivéan jako zahustovadlo, emulgétor, latka tvotici filmy ¢i
adhezivum [121]. Vzhledem k jeho ro¢ni produkci presahujici 1 Mt dochazi k uniku nemalého
mnozstvi tohoto polymeru do Zivotniho prostiedi, zejména v odpadnich vodach. Naopak
ptiznivou skutecnosti je, ze PVA je biodegradabilni prostfednictvim neékterych druht bakterii a
hub [122]. Biodegradacni procesy jsou vzdy zalozeny na enzymatické oxidaci PVA, v nizZ je
zpravidla konecnym pfijemcem elektront molekula kysliku. Tyto procesy tedy probihaji
v aerobnim prostiedi, proto umoznuji degradaci PV A napft. ve vodach obsahujicich rozpustény
kyslik. Naopak v pudach, kde je kysliku nedostatek, je moznost degradace PVA témito
mikroorganismy znaéné¢ omezend [123,124]. Nékteré predchozi prace vSak ukazovaly na
moznost anaerobni degradace PVA, v nichz by kone¢nym oxida¢nim ¢inidlem byla jina latka,

pficemz jednim z hlavnich kandidata jsou dusi¢nanové anionty [125-127].

Nase prace P16, vznikajici v laboratofi prof. Marka Koutného na FT UTB ve Zling, byla
proto zaméfena na prokdzani mozZnosti této degradace v denitrifikaénich podminkach
(oxidac¢nim ¢inidlem jsou anionty NO3™ redukujici se na molekularni dusik N») prostiednictvim
bakterialniho spolecenstva z &istirny odpadnich vod (COV — vzorky byly odebrany v COV ve
Zliné-Malenovicich) a identifikovat pfipadné nalezeny bakterialni druh, ktery tuto degradaci

zpusobuje.

Bakterialni kulturou odebranou z COV bylo zao¢kovano mineralni médium, v némz
jedinou latkou obsahujici uhlik byl pravé PV A, a tato kultura byla kultivovana za aerobnich 1
anaerobnich podminek v pfitomnosti i bez pfitomnosti dusi¢nand. Experimenty prokézaly, Ze
k degradaci PVA dochézi v obojich podminkach, pfi¢emZ vSak v anaerobnich je degradace
vyrazn¢ urychlena ptfitomnosti dusicnanti v médiu. To ukazuje, Ze PVA je oxidovan pravé na
ukor redukce dusi¢nanovych aniontli. Nasledné jsme provedli sérii experimentl s cilem najit
bakterialni druh, ktery degradaci PVA v denitrifika¢nich podminkéch zptisobuje. Nejdiive byla
provedena analyza metodou TGGE (temperature-gradient gel electrophoresis — gelova
elektroforéza v teplotnim gradientu) [128]. Z PVA degradujici bakterialni kultury byla
metodou PCR amplifikovana hypervariabilni sekvence genu 16S rRNA, ktery byva casto
pouzivan pro identifikaci bakterii, jelikoZ je ve vSech bakteriich univerzalné pfitomen, ale jeho
sekvence je vyrazné druhové zavisla. Na konec sekvence byla pfipojena CG-svorka, tedy
sekvence o délce 40 parh bazi tvofenych pouze guaninem (G) a cytosinem (C), kterd za

podminek elektroforézy (teplota 35-50 °C, 8M mocovina) nedisociuje na jednovlaknové
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molekuly DNA. Protoze zbyla cast DNA obsahuje podstatné zastoupeni AT pard, dochazi k jeji
disociaci za nekteré teploty zuvedeného intervalu v zévislosti na jeji konkrétni sekvenci.
Vzhledem k tomu, ze PCR produkty z jednotlivych bakterii se elektromigra¢né pohybuji v gelu
o daném teplotnim rozmezi, dochazi k disociaci kazdého z nich za jiné teploty, a tedy 1 v jiné
vzdalenosti od startu. Jakmile k této disociaci dojde, zméni se dSDNA na molekulu tvoienou,
kromé& GC svorky, ssDNA, kterd ma v gelu vyrazné niz8i mobilitu, a proto se prakticky zastavi.
Rozdily mezi jednotlivymi bakteridlnimi druhy tedy mizeme vyhodnotit na zakladé
vzdalenosti, do niz dand DNA doputuje. Konkrétni bakterialni rod pak lze urcit srovnanim se
znamymi tabelovanymi vysledky pro identicky provadénou TGGE. Z naseho pokusu
vyplynulo, ze béhem kultivace v kultute vyrazné roste zastoupeni bakterie rodu Steroidobacter,
ktera proto byla oznacena za pravdépodobného pivodce degradace. Jeji pritomnost v kultufe
byla nasledné¢ prokazana sekvenaci genu 16S rRNA amplifikovaného PCR z narostlé
bakteridlni kultury. Ptiblizné€ tfetina vSech sekvenovanych klont obsahovala stejnou sekvenci
odpovidajici (na zakladé srovnani s databazi GenBank) bakteridlnimu kmenu Steroidobacter
ZUMI 37. Ptimy vztah této bakterie k degradaci PVA v denitrifika¢nich podminkach byl dale
prokazan stanovenim jejiho zastoupeni v bakteridlni kultufe v rtiznych dnech od zacatku
kultivace. Toto stanoveni bylo provedeno metodou kvantitativni PCR (qPCR) [114,115], ktera
byla provedena paralelné se dvéma dvojicemi primeri. Prvni dvojice nasedala na konzervativni
sekvence genu 16S rRNA, které jsou spolecné vSem bakteriim, takze produktem této
amplifikace bude pro jakoukoli bakterii pfiblizné stejné¢ velky PCR produkt. Druhd dvojice
primerti nasedala do hypervariabilni sekvence, a byla tedy specificka pravé pro hledanou
bakterii. Standardem byl v obou ptipadech plazmid pUC19 nesouci diive zaklonovany gen 16S
rRNA bakterie Steroidobacter ZUMI 37, templatem byla DNA izolovana z bakterialni kultury
v riznych dnech kultivace. Porovnanim mnoZstvi PCR produktu amplifikaci s prvni a druhou
dvojici primerti jsme ziskali zastoupeni bakterie Steroidobacter ZUMI 37 v kultute. Toto
zastoupeni bylo na zacatku velmi nizké, cca 0,02 %, ale v pribéhu kultivace rostlo umérné
tomu, jak ubyvalo mnoZstvi PVA. Na konci kultivace pak dosédhla frakce této bakterie cca 16
%. Tento vysledek jasné prokazal souvislost bakterie Steroidobacter ZUMI 37 s degradaci PVA

v denitrifika¢nich podminkach, proto ji 1ze prohlésit za hledany degradujici mikroorganismus.

Tato studie tedy prokdzala, Ze bakteridlni degradace PVA je moZzna 1 v anaerobnich
podminkach, kdy kone¢nym oxida¢nim d¢inidlem je dusi¢nanovy aniont. Zéarovein byl
identifikovan bakteridlni kmen Steroidobacter ZUMI 37, ktery tuto degradaci zpiisobuje.

Ttebaze se tento kmen nepodatilo vypéestovat v Cisté kultuie, coz miize byt disledkem nutné
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symbidzy s jinymi bakteriemi, ma vysledek potencialni vyznam pro vyuziti v technologiich

cilicich na odstranovani PVA z Zivotniho prostfedi, zejména v ¢isténi odpadnich vod.

5.4.  Priprava apo-cytochromu b rekombinantni expresi v E. coli

Cytochrom b5 (dale jen b5) je maly hemoprotein o relativni molekulové hmotnosti cca
17 kDa, ktery je schopen pienaSet jednotlivé elektrony v enzymové katalyzovanych
biochemickych reakcich [129,130]. V buiikach savcl je b5 pfitomen ve tfech isoformach
vyskytujicich se v endoplazmatickém retikulu, mitochondriich a cytoplazmé erytrocyti [131].
Retikularni forma se vyskytuje na membrané¢ endoplazmatického retikula, proto byva po
destrukci bunék pritomna také v mikrozomech a byva rovnéz nazyvana jako mikrosomalni. Je
slozena z N-termindlni domény obsahujici misto pro vazbu hemu a mensi hydrofobni C-
termindlni domény odpovédné za fixaci b5 na membrané [132]. Tato doména je kli¢ova pro
interakci b5 s dalSimi reak¢nimi partnery, zejména cytochromem P450 (CYP), které jsou samy
ukotveny na biomembranach. Aby mohl byt b5 aktivnim ptfenaseCem elektronti v redoxnich
reakcich, musi obsahovat hem jako redoxni kofaktor. Takovy protein se potom oznacuje jako
holo-protein, v tomto piipadé holo-b5. Funkce holo-b5 spociva ve stimulaci aktivity CYP,
trebaze nékteré experimenty ukazaly i opacny efekt [133]. Jiné ukazuji, Ze b5 je schopen
stimulovat aktivitu CYP i jako apo-protein (apo-b5), tj. bez ptitomnosti hemového kofaktoru
[134—-136]. Proto je pro vyzkum téchto reakci nezbytné mit k dispozici nejen holo-, ale i apo-b5
ve form¢ cistého proteinu. ProtoZe v buiikdch je b5 pfitomen zpravidla v holo-formé, byly
¢inény pokusy o pfipravu apo-b5 extrakci hemu acetonem v kyselém prostfedi, coz ovSem
vedlo k denaturaci nezanedbatelné Casti proteinu [137,138]. Proto jsme se v této studii P17
zaméfili na rekombinantni pfipravu kralictho apo-b5 heterologni expresi v bakteriich
Escherichia coli. Prace probihala na katedfe biochemie PiF UK ve skupin¢ prof. Marie

Stiborové.

Gen proteinu byl pfipraven syntézou z chemicky syntetizovanych oligonukleotidt
metodou polymerase cycling assembly (PCA — viz téZ komentat k publikaci P10) [90,91].
Jelikoz je pomérné kratky, pouze 405 parti bazi (bp) byl pfipraven cely jako jeden synton. Takto
pfipraveny gen byl pfedlohou pro expresi celého b5 vcetné transmembranové domény.
Syntetizovany gen byl dale vlozen do expresniho plazmidu pET22b a byl exprimovan
v buiikach E. coli BL21(DE3) Gold. Aby byl protein exprimovan v apo-form¢, nebyla do
kultiva¢niho média pfidana kyselina 8-aminolevulova, ktera je prekurzorem syntézy hemu a
bez niz bude tento kofaktor vytvaren jen ve velmi malém mnozstvi. Purifikace membranového
proteinu apo-b5 se liSila od béznych postupli purifikace rozpustnych proteinii zejména tim, ze
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po ultrazvukové destrukci bunék se protein apo-b5 nachazel na fragmentech biologickych
membran. Proto byl bunécny lyzat odstfedén na preparativni ultracentrifuze a membranova
frakce byla shromazdéna v sedimentu, ktery byl nasledné rozpustén v roztocich detergentti Brij
35 a cholatu sodném. Nasledné byly provedeny dvé chromatografie na ménici anionti DEAE-
Sepharosa v mobilnich fazich liSicich se koncentraci detergenti a s odliSnym typem eluce —
prvni gradientové a druha isokratickd. Preparat byl nasledné zbaven detergentt dialyzou a byl

zahustén pomoci centrifugacni ultrafiltracni cely Amicon.

Izolovany protein byl déale charakterizovan spektrofotometricky a kineticky aby bylo
prokézano, ze jde o apo-formu a ze po rekonstituci s hemem je protein biologicky aktivni.
Vyrazna ptevaha apo-formy v preparatu byla prokazana métenim absorpéniho spektra v oblasti
225-600 nm. U izolovaného produktu byl pozorovan vyrazny pik pii 280 nm charakteristicky
pro proteiny (zpiisobeny absorpci aromatickych aminokyselinovych zbytkil) a pouze nepatrny
pik pii 413 nm, tedy v oblasti Soretova pasu charakteristického pro hemoproteiny. Ten
odpovidal cca 1 % zastoupeni holo-b5 vzniklému pii expresi z hemu pfirozené syntetizovaného
v bakteriich. Titraci preparatu hemin chloridem dochdzelo k navazovani hemové skupiny na
apo-b5 a tim 1 narastu piku pfi 413 nm az do velikosti odpovidajici prakticky stoprocentni vazbé
hemu na apo-formu. Tim byla prokdzana schopnost rekombinantné¢ ptipraveného preparatu
navazovat svoji prostetickou skupinu, coZ je nezbytny piedpoklad jeho spravné biologické
funkce. Dale bylo naméfeno charakteristické spektrum redukované formy hemu s maximem
posunutym k 424 nm s dal$imi mensimi piky pii 526 a 556 nm, coZ opét prokazovalo spravnou
funkci rekombinantniho preparatu. Nakonec byl zkouméan vliv rekombinantniho b5 na aktivaci
oxidace barviva Sudan I lidskym CYP3A4, a to jak v holo-, tak v apo-form¢. Rekombinantni
preparat v holo-formé zesiloval oxida¢ni u¢inek CYP3A4 prakticky stejn€ jako kontrolni
vzorky krali¢iho a lidského holo-b5, coZz opét prokazovalo spravnou funkci rekombinantné
piipraveného proteinu. Navic bylo zjisténo, Ze 1 sama apo-forma zvysila Groven oxidace, byt
vyznamné méné nez holo-b5. To je disledkem nemoZznosti apo-formy podilet se na reakci
pfenosem elektronu, ale potvrzuje to spravnost teorie predpokladajici alostericky vliv apo-b5

na funkci CYP3A4 [134-136].

V ramci této prace byl tedy syntetizovan gen krali¢itho cytochromu b5 a byl vyvinut
postup rekombinantni exprese a purifikace tohoto proteinu. Byla prokézana vysoka biologicka
aktivita rekombinantniho preparatu ve vSech zkoumanych vlastnostech. To poskytlo moZznost

vyuzivat tento protein k dal$im vyzkumim biochemickych redoxnich reakci, jichz se tcastni.
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6. Ostatni publikované prace jinde nezarazené

6.1.  Inhibice produkce bioplynu produkty degradace biomasy

P18 S. Pekatova, M. Dvorackova, P. Stloukal, M. Ingr, J. Sera, M. Koutny, Quantitation
of the Inhibition Effect of Model Compounds Representing Plant Biomass
Degradation Products on Methane Production, BioResources 12 (2017) 2421-2432.
[139]

Produkce bioplynu anaerobni fermentaci biomasy je ekonomicky schiidnou alternativou
ke spotieb¢ fosilnich paliv, ktera navic miiZe jako surovinu vyuzivat odpadni produkty riznych
pramyslovych a zeméd¢€lskych procest a tim prispivat k jejich likvidaci. Rostlinna biomasa je
tvotena predevsim celulosou, hemicelulosou a ligninem, které tvoti komplexni matrici odolnou
proti biotické 1 abiotické degradaci [140]. Vzhledem k tomu je biomasa pfed samotnym
pouzitim k produkci bioplynu upravovana tak, aby se co nejvice rozvolnila jeji struktura.
Béznou metodou téchto uprav je metoda parni exploze [141], kdy je biomasa po stanoveny ¢as
zahtivana ve specialnim kanalu za vysokého tlaku externé dodavanou parou, aby po nasledném
prudkém sniZeni tlaku na konci kanalu doslo k jejimu rozmélnéni. MoZnym problémem tohoto
postupu je vznik nizkomolekularnich vedlejSich produktii, které mohou nésledné inhibovat

proces samotné produkce methanu, jenz je klicovou slozkou bioplynu.

Prace P18, kterd vznikala v laboratoti prof. Marka Koutného na FT UTB ve Zling, se
zabyvala studiem vlivu nékterych takovych latek na produkci methanu bakteridlnim
spolecenstvem pochazejicim z digestatu biomasy z bioplynového produkéniho zafizeni
z Ceskych Budgjovic. Jako zdroj uhliku byly pouzity dva umélé substraty, celuldza a acetat.
V prvnim ptipadé¢ musel probéhnout cely proces produkce methanu jako v ptipadé skutené
biomasy, tedy hydrolyza, acetogeneze a methanogeneze, zatimco v druhém se produkce
omezila pouze na posledni fazi. Jako inhibujici latky byly testovany furfural,

5-hydroxymethylfurfural, kyselina gallova a kyselina tfislova.

V ptipadé furfuralu nebyl pozorovan prakticky zadny inhibi¢ni efekt s vyjimkou vysoké
koncentrace 2 g/1, ktera se vSak ve skutecném reaktoru na produkci methanu nemize objevit.
Naopak byl pozorovan pozitivni vliv na produkci methanu svédéici o tom, Ze furfural sém muize
slouzit jako substrat pro fermentaci. O tom svédci i fakt, Ze i za vySe zminéné vysoké
koncentrace je furfural jako inhibitor nakonec inaktivovan, coZ pouze prodlouzi lagovou fazi
produkce methanu, ale po ni uz proces beézi jako bez ptitomnosti inhibujici latky. Naopak

5-hydroxymethylfurfural vykazoval zjevny inhibi¢ni efekt od koncentrace 0,2 g/l pfi pouziti
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celulozy jako substratu, v ptipad¢ acetatu se inhibice posunula ke koncentraci 0,5 g/I. SniZeni
rychlosti produkce methanu bylo navic stalé, inhibitor tedy nebyl postupem c¢asu bakteridlni
kulturou degradovan, a tedy inaktivovan. Z uvedeného také plyne, ze kritickym krokem nebyla

samotna methanogeneze, ale spiSe hydrolyza celul6zy nebo acetogeneze.

Fenolické slouCeniny, kyseliny gallovd a tfislovd, nevykazovaly zadny vyrazny

inhibic¢ni, ale na druhou stranu ani stimulacni, efekt na produkci methanu.

Z testovanych  latek  vykazoval = vyznamnéj$i  inhibiéni  efekt  pouze
5-hydroxymethylfurfural. V koncentracich dosazitelnych v bioplynovém reaktoru vSak ani on
nepiedstavuje pro proces vyrazny problém. Lze proto konstatovat, ze Zadna ze zkoumanych
latek nepiedstavuje technologické riziko pro produkei methanu z biomasy po ptedchozi tprave

metodou parni exploze.

6.2.  Ab initio vypocty substituentovych konstant pro metod QSAR

P19 O. Exner, M. Ingr, P. Cérsky, Ab initio calculations of substituent constants: A
reinvestigation, Theochem-J. Mol. Struct. 397 (1997) 231-238. [142]

Konceptem QSAR (quantitative structure-activity relationship — modely kvantitativni
zavislosti aktivity na struktufe) se rozumi soubor pravidel a vypocetnich postupt slouzicich
k predikci chemickych a biologickych vlastnosti sloucenin, pfedev§im organickych, na zakladé
znalosti jejich struktury a veli¢in (deskriptort) z ni pfimo odvoditelnych [143]. Je znam a
rozvijen po dobu vice nez 55 let a v dnesni dob¢ je tvofen Sirokou Skalou riznych vypocetnich

metod.

Soucasti QSAR je také posouzeni vlivu konkrétniho substituentu na vlastnosti dané
molekuly. Témito vlastnostmi mohou byt rizné spektralni charakteristiky (intenzita pik v IR
spektru, chemické posuny v NMR), ale také napt. hodnoty disociacnich konstant protolyticky
aktivnich skupin, pfipadné charakteristiky rovnovahy a rychlosti konkrétnich chemickych
reakci. Tento vliv je do QSAR promitnut skrze odlisné hodnoty vhodné zvolenych deskriptort,
v nasem piipadé konstant charakterizujicich jednotlivé dil¢i vlivy, kterymi substituent pisobi
na slouceninu, na niz je vazan. Pro kvantitativni posouzeni téchto vlivli substituentil na

zvolenou vlastnost y uvazované slouceniny byla navrzena rovnice [144]

Y = Yo + PrOp + PROR + PaOq + Py0, + €. (7)
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Zde y, znaci hodnotu dané veli¢iny pro nesubstituovanou molekulu, parametry p jsou
rozvojovymi konstantami udavajicimi vliv pfispévka dle jednotlivych forem plisobeni
substituentu na molekulu a konstanty o jsou charakteristikami jednotlivych substituenti.
Veli¢ina € zahrnuje ostatni nespecifikované vlivy. Index F oznacuje vliv induktivniho efektu
substituentu (field-inductive), R efektu rezonancniho (mezomerniho), a vliv polarizace
molekuly v dasledku piitomnosti substituentu a y vliv jeho elektronegativity (tento vliv je

nejméné vyznamny a také nejméné rigorézné definovatelny).

Prace P19 byla zaméfena na vypocty hodnot jednotlivych konstant ab initio metodami
kvantové chemie na zakladé modeli navrzenych diive Marriottem a Topsomem [145-148].
Byla realizovéana ve skupiné prof. Petra Carského na UFCH JH AVCR pod vedenim prof. Otto
Exnera z UOCHB AVCR. Vzhledem k niz§im vypodetnim moznostem v dobé vzniku prace
bylo cilem jednak pfepocitani diive vypoctenych konstant ve vétSich béazich atomovych
orbitall, ddle pak stanoveni konstant ptislusejicich dosud nezkoumanym substituentim. Kromé
toho byl posuzovan vliv konformace na hodnotu konstanty, pokud u daného substituentu vice
konstanty pocitany byly, a pro 16 substituentli novych. Nova skupina obsahovala substituenty
amidové a thioamidové, a to jednak cisté, jednak dale substituované methylovou skupinou
umisténou bud’ na uhlikovém, nebo dusikovém atomu — ptipojeni substituentu k molekule bylo
na stran¢ opacné. Kromé toho byly pocitany také substituenty, v nichz misto skupiny methylové
figurovala aminoskupina, jednalo se tedy o zbytky mocoviny a thiomoc€oviny. Tyto rozsifené

amidové a thioamidové substituenty byly pocitany ve dvou planarnich konformacich E a Z.

Nase vypocty poskytly upfesnéné hodnoty vSech konstant a ukézaly, Ze hodnoty
vypocCtené se od experimentalnich nelisi v priméru vice, nez se lisi jednotlivé sady
experimentalnich hodnot mezi sebou navzajem. Mensi shoda byla nalezena jen u konstant g,,
které jsou v8ak malo vyznamné a jejich pouZiti je obecné diskutabilni. Srovnani hodnot konstant
pro E a Z konformery jednotlivych substituentli ukdzalo vyznamny vliv na hodnoty konstant,
zejména na o, v n€kterych piipadech i g,. Proto lze o¢ekavat prokazatelny vliv konformace
na vlastnosti molekul. Bohuzel vSak pro tyto vypocty nebylo k dispozici relevantni srovnani
I ptesto vSak lze konstatovat, ze ab initio vypocty predstavuji rozumnou cestu ziskani hodnot
konstant i pro substituenty, pro které¢ experimentalni provedeni neni k dispozici nebo neni

snadno proveditelné.
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6.3.  Viypocty hyperplochy potencidlni energie (HPE) radikdlového kationtu C4Hg" o

ab initio metodami

P20 V. Hrouda, P. Cérsky, M. Ingr, Z. Chval, G.N. Sastry, T. Bally, The C4H6+ potential
energy surface. 2. The reaction of ethylene radical cation with acetylene, J. Phys.

Chem. A 102 (1998) 9297-9307. [149]

Reakce ve zkfizenych molekulovych paprscich jsou vyznamnou experimentalni
technikou slouzici ke studiu reak¢ni dynamiky elementarnich chemickych reakci, jejiz ptinos
byl ocenén Nobelovou cenou za chemii roku 1986 (Herschbach, Lee). Je zaloZzena na kolizi
dvou paprskt tvofenych vysoce urychlenymi molekulami, které v dasledku srazek reaguji za
vzniku riznych meziproduktl a nasledné kone¢nych produktt. Ty poté leti v riiznych smérech
vzhledem ke smértim vstupujicich paprski, kde také mohou byt detekovany a mize byt méfena
jejich energie [150,151]. K detailnimu studiu vlastnosti vznikajicich Castic se pouZziva fada
spektralnich technik. Metodou umoziujici analyzu ionti selektovanych podle energie je
fotoelektronova-fotoiontova koincidenéni spektroskopie (photoelectron-photoion coincidence
spectroscopy — PEPICO) [152,153]. Pouziti téchto metod umoziiuje mimo jiné i vyzkum
reakénich mechanismt reakci radikdlovach kationtii, kterému se vénovala laboratof prof.
Zdenka Hermana na UFCH JH AVCR. V navaznosti na to byly ve skuping prof. Petra
Carského, jejimz jsem byl &lenem, provadény kvantovéchemické vypoéty kladouci si za cil
vysvétleni vzdjemnych premén jednotlivych meziprodukti téchto reakei. Vyzkum byl provadén
ve spolupraci se skupinou prof. Thomase Ballyho z Univerzity ve Fribourgu ve Svycarsku.

V ramci tohoto projektu vznikla i naSe publikace P20.

Radikalovy kationt C4He"® vznika jako produkt srazky molekul acetylenu a ethylenu,
z nichZ jedna je v ionizovaném stavu, tedy postrada jeden elektron. K jeho vzniku dochazi
v experimentech ve zkiiZzenych molekulovych paprscich, vzhledem k jeho nizké stabilité vSak
dochazi k rozkladu na rizné fragmenty, které jsou nasledné detekovany. Mezi reaktanty a
koneénymi produkty vSak leZi celd fada meziproduktii a tranzitnich stavi, pies které musi
komplex CsHg"e projit a které tvoii slozitou hyperplochu potencialni energie, na niz se systém
v pribé¢hu reakce pohybuje. Cilem této prace (P20) tedy bylo zmapovat hyperplochu
potencialni energie (HPE) systému CsHg"® na nékolika urovnich ab initio vypocti a navrhnout
reakéni koordinatu vedouci od reaktantl k produktim, které byly pozorovany experimentalné

[154]. Byla zamé&fena zejména na popis mechanismu vzniku a nasledné fragmentace C4He"e,
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¢imz navazovala na nékteré piedchozi studie znas$i i jinych skupin popisujici nékteré
partikularni aspekty tohoto mechanismu [155—-158]. Struktury lezici v minimech HPE byly
navrzeny intuitivn€ a nasledné optimalizovany na nékolika urovnich ab initio vypocti, UHF
(neomezena (unrestricted) Hartreeho-Fockova metoda), UMP2 (Mpllerova-Plessetova
poruchova teorie 2. fadu vychazejici z vinové funkce UHF) a také metodou DFT (teorie
funkcionélu hustoty) vyuzivajici hybridniho funkciondlu B3LYP. Nésledné byly nalezeny i
struktury tranzitnich stavii tato minima propojujici. Energie ve staciondrnich bodech byla
nasledn¢ jest¢ piepocitana metodou RCCSD(T) poskytujici presnéj$i hodnoty rozdili

jednotlivych stavi.

Pomoci ab initio vypocti byla nalezena reakéni koordinata vedouci od srazky
ionizovaného  ethylenu s acetylenem k experimentdlné¢ pozorovanym  produktim,
cyklopropeniovému kationtu a methylovému radikalu. Reakce zaciné cykloadi¢nim krokem za
vzniku cyklobuteniového kationtu. Nasledné dochazi k otevieni tohoto cyklu za vzniku
radikalového kationtu butadienu. Mechanismus jeho dalsi pfemény neni jednoznaény, proto
byly navrzeny dvé mozné cesty vedouci k produktim obsahujicim methylovou skupinu, obé
s aktivaénimi bariérami kolem 45 kcal mol!. Jedna z nich vede k radikalovému kationtu
methylallenu, mechanismus jeho ptipadného rozpadu vSak nebyl dale studovan. Druha cesta
vede k propenylkarbenovému radikalovému kationtu, jenZ se naslednym presmykem méni na
radikélovy kationt methylcyklopropanu. Ten se poté rozpad4 na experimentalné pozorované

produkty, cyklopropeniovy kationt a methylovy radikal.

Vysledek naSi kvantovéchemické studie se tedy shoduje s experiemntalnim
pozorovanim, pfi¢emz navic propojuje reaktanty a produkty reakéni koordinatou vysvétlujici

mechanismus studované chemické reakce.
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Zavér

Tato habilitacni prace je sestavena z vysledkil ziskanych v obdobi 1997-2021, tedy
v pribéhu témét celého jednoho Ctvrtstoleti. Obsahuje vysledky riznych studii
experimentalnich i teoretickych, které se vzdy vénuji vyzkumu fyzikalnich vlastnosti molekul,
byt v ramci nékolika riiznych vyzkumnych sméra. Nejstarsi z téchto praci se vénuji vesmés
molekuldm izolovanym, pozdéjsi prace se vSak tykaji molekul v roztoku, a pravé zde je vzdy
mozné pozorovat zasadni vliv vnéjsiho prostfedi na jejich chovani. Posledni prace se proto
vénuji pravé tomuto fenoménu na piikladu biotechnologicky atraktivni molekuly kyseliny
hyaluronové. Vzhledem k zna¢nému rozvoji vypocetni techniky v poslednich desetiletich je
v soucasné dobé mozné provadét molekuldrné-dynamické simulace relativné velkych systémd,
které umoznuji zkoumat nejen strukturu a konformaci hlavni studované molekuly, ale i
rozlozeni molekul rozpoustédla, ptipadné dalsich latek v prostiedi pritomnych. Jde vesmés o
jevy, které jsou experimentalné té¢zko meéfitelné, proto je pro jejich pochopeni piinos vypocetni
chemie nezastupitelny. Vysledky zahrnuté do této prace vysvétluji, jak roztoky soli a vybrana
smésna rozpoustédla ovliviiuji experimentalné pozorovatelné vlastnosti molekul kyseliny
hyaluronové. Tim také ukazuji, ze vysvétleni molekularni podstaty experimentalnich
pozorovani na zakladé analyzy simulovanych systému je perspektivni cestou zkoumani vlivu
prostiedi na biomakromolekuly. Proto je tento pfistup hlavni néplni prace moji vyzkumné

skupiny, ktery se svymi kolegy hodlam 1 nadale rozvijet.

Zkoumani vlivu externich podminek bylo obsaZeno 1 v dalSich publikovanych pracich
vénujicich se vlivu vysokého tlaku na molekuly oligomernich proteinti. Vysokotlakd metodika
byla uspésné aplikovana na popis rovnovahy dimerizace, unfoldingu i enzymové kinetiky HIV-

1 proteinasy a naznacila moznosti aplikace na dalsi typy systémii.

Vliv prostfedi hral zasadni roli i v dalSich uvedenych pracich z oblasti enzymové
kinetiky, byt’ nebyl pfimo pfedmétem zkoumani. V budoucnu proto planujeme zaméfit se 1
experimentalné na vliv prostfedi na proteinové molekuly, ptedevs§im na vliv makromolekularné

zahusténého prostiedi simulujiciho podminky v bunééné cytoplazme.

Na zavér bych rad podékoval velmi dlouhé tfadé lidi, kteti m& podporovali v celém
obdobi mého dosavadniho védeckého plisobeni, a to jak po strance odborné, tak Cisté osobni.
Ptedevsim chci tedy pode€kovat vSem mym spolupracovnikiim, Skolitelim, konzultantim,
mentorim i studentiim na vSech mych dosavadnich pracovistich ve Zlin€, Praze, Montpellieru,

Heidelbergu a Fribourgu, jakoz i vSem ostatnim spoluautorim svych publikaci, z nichz nékteré
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ani osobn¢ neznam. Vzhledem k jejich vysokému poctu si dovolim jmenovité vyjadfit svoji
vdéénost jen tém, jejichz vliv na moji praci povazuji za nejzasadnéjsi. Predevsim tedy dékuji
Dr. Evé Kutalkové, diky jejiz nezlomné vuli, neutuchajicimu nadseni a vysoké odbornosti
v oblasti fyziky jsem se vlibec odvazil znovu zacit s vyzkumem v oblasti teoretické chemie.
Déle pak dekuji Dr. Josefu Hrncitikovi, jehoz hluboké znalosti v oblasti fyzikalni chemie mi
byly vzdy inspiraci a pftilezitosti konzultovat nase vyzkumné plany i vysledky v SirSim
kontextu. Kone¢n¢ bych rad podékoval Prof. Janu Konvalinkovi, ktery byl nejen mym

Skolitelem, ale vzdy byl i neziStnym pfitelem, podporovatelem, radcem a konzultantem.

V neposledni fad¢ pak dékuji své zené Zdislavé za celozivotni lasku, optimismus,
pochopeni a oporu v dobach radostnych i slozitéjsich. Dale pak naSim péti détem, Jirkovi,
Davidovi, Vojtovi, Verunce a Markétce, za kazdodenni radost ze Zivota a nad¢ji, Ze ma smysl
se Zivoté o néco snazit. Jako véfici ¢lovek vSak dékuji pfedev§sim Bohu, Ze mi poslal do cesty

vSechny vyse zminéné i nezminéné a privedl mé ke vSemu, o ¢em tato prace pojednava.
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Abstract

All retroviral proteases belong to the family of aspartic proteases. They are active as homodimers, each unit
contributing one catalytic aspartate to the active site dyad. An important feature of all aspartic proteases is
a conserved complex scatfold of hydrogen bonds supporting the active site, called the “fireman’s grip,”
which involves the hydroxyl groups of two threonine (serine) residues in the active site Asp-Thr(Ser)-Gly
triplets. It was shown previously that the fireman’s grip is indispensable for the dimer stability of HIV
protease. The retroviral proteases harboring Ser in their active site triplet are less active and, under natural
conditions, are expressed in higher enzyme/substrate ratio than those having Asp-Thr-Gly triplet. To analyze
whether this observation can be attributed to the different influence of Thr or Ser on dimerization, we
prepared two pairs of the wild-type and mutant proteases from HIV and myeloblastosis-associated virus
harboring either Ser or Thr in their Asp-Thr(Ser)-Gly triplet. The equilibrium dimerization constants
differed by an order of magnitude within the relevant pairs. The proteases with Thr in their active site triplets
were found to be ~10 times more thermodynamically stable. The dimer association contributes to this
difference more than does the dissociation. We propose that the fireman’s grip might be important in the
initial phases of dimer formation to help properly orientate the two subunits of a retroviral protease. The
methyl group of threonine might contribute significantly to fixing such an intermediate conformation.

Keywords: Retroviral protease; dimerization; HIV protease; fireman’s grip; kinetic assay; fluorescence;
pressure

Retroviral proteases (PRs) belong to the family of retropep-
sins (Dunn 1998), which are dimeric aspartic proteases. The

two monomers are interconnected by their C and N termini,
which form an antiparallel B-sheet that is primarily respon-
sible for the dimer stability (Wlodawer et al. 1989). The

Reprint requests to: Jan Konvalinka, Institute of Organic Chemistry and
Biochemistry, Flemingovo ndm. 2, 166 10 Praha 6, Czech Republic;
e-mail: jan.konvalinka@uochb.cas.cz; fax: 420-220-183-203.

Abbreviations: HIV-1-PR(T), wild-type HIV-1-PR; HIV-1-PR(S), HIV-
1-PR harboring Thr26Ser mutation; MAV-PR(S), wild-type MAV-PR;
MAV-PR(T). MAV-PR harboring Ser38Thr mutation; MPMV-PR(T),
wild-type MPMV-PR, 12-kD form; DABCYL, 4-[[4'-(dimethylamino)-
phenyljazo]-benzoic acid; EDANS, 5-[(2'aminoethyl)-amino|naphtalene-
sulfonic acid; MAV, myeloblastosis-associated virus; MPMV, Mason-
Pfizer monkey virus; PAL, peptide amide linker, 5-(4-Fmoc-aminomethyl-
3,5-dimethoxyphenoxy)valeric acid; PheSta, phenylstatin; PR, protease;
RSV, Rous sarcoma virus; TBTU, O-(benzotriazol-1-y)-N,N,N’,N'-tetra-
methyluronium  tetrafluoroborate; Fmoc, 9-fluorenylmethoxycarbonyl;
TFA, trifluoroacetic acid; PMSF, phenylmethylsulfonyl fluoride.

Article and publication are at http:/www.proteinscience.org/cgi/doi/
10.1110/ps.03171903.
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proteases are expressed as parts of the viral polyproteins
Gag or Gag-Pol, from which they cleave themselves before
cleaving the rest of the polyproteins to yield the structural
proteins and replication enzymes. The Gag-Pol polyprotein
is a product of ribosomal frame-shifting or readthrough sup-
pression, which takes place with 5% to 10% frequency. In
contrast, in the case of alpharetroviruses (e.g., myeloblas-
tosis-associated virus [MAV]), the protease is a part of the
Gag polyprotein and is thus expressed in equimolar ratio
with its Gag substrate. In the case of betaretroviruses (Ma-
son-Pfizer monkey virus [MPMV]) the protease also is ex-
pressed by frame-shifting event. It was observed previously
that the activities of the alpharctroviral proteases are con-
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siderably lower than those of lentiviral proteases, which was
interpreted to be a compensation for the difference in their
relative levels of synthesis and thus concentration in the
virion (Arad et al. 1995).

Because the PRs are active in the form of noncovalently
bound homodimers, chemical compounds preventing
dimerization became possible antiviral agents. Moreover,
the dimerization seems to be the key event in the activation
of the polyprotein processing in retroviruses (Krdusslich
1991). Hence, many analyses of dimerization equilibrium
and rate constants have been performed, especially for
HIV-1 PR. The experimental approaches can be divided into
two groups: substrate-independent methods, which involve
techniques such as ultracentrifugation (Holzman et al. 1991;
Grant et al. 1992; Towler et al. 1998; Xie et al. 1999;
StiiSovsky et al. 2000), and substrate (inhibitor)-dependent
methods, based on kinetic measurements, most often fluo-
rometric ones (Cheng et al. 1990; Zhang et al. 1991; Jordan
et al. 1992; Kuzmic¢ 1993; Darke et al. 1994; Pargellis et al.
1994; Uhlikovd et al. 1996).

The method of sedimentation equilibrium is attractive
due to its independence of substrate. The result is therefore
less influenced by stabilization of the dimeric form by sub-
strate binding. On the other hand, the experiments require
relatively high concentrations of pure protein. The K, val-
ues for HIV-1 and HIV-2 proteases determined by this
method are summarized in Table 1. The majority of these
values are in the micromolar range. These results, however,
seem to be inconsistent with the fact that most activity as-
says routinely use nanomolar concentrations of HIV-PRs
for activity determinations.

Table 1. Values of K, from previous studies

Although the kinetic measurements are more sensitive,
require a lower concentration of protein, and are easier to
perform, their interpretation can be obscured by phenomena
such as the stabilization of the dimer by a substrate or an
inhibitor. This effect is difficult to separate from genuine
dimer stability, and therefore, the result may depend on the
ligand used. On the other hand, the advantage of kinetic
studies is that both of the rate constants, k, and k,, describ-
ing the association and dissociation processes can be deter-
mined.

As shown in Table 1, results of both K, and rate constants
determined kinetically with fluorogenic substrate or inhibi-
tor have been reported by several groups for both HIV-1 and
HIV-2 proteases (Cheng et al. 1990; Zhang et al. 1991;
Jordan et al. 1992; Kuzmi¢ 1993; Darke et al. 1994; Pargel-
lis et al. 1994; Uhlikovd et al. 1996. For summary, see
Darke 1994). The reported Ky values from kinetic studies
are typically of the order of 1077 to 107 M, that is, on
average, three orders of magnitude lower than the values
derived from sedimentation analysis. The largest difference
between two HIV-1 K, values is five orders of magnitude.
This major disagreement may be partially explained by the
incorrect assumption of very fast association and dissocia
tion processes in the publication by Jordan et al. (1992), in
which the lowest values were determined. Another reason for
the observed differences may be the inconsistency of experi-
mental conditions in different experiments, especially pH
varying from 4.5 to 7.0. However, there still remain discrep-
ancies in the reported K, values that are difficult to explain.

There are two major structural features believed to be
responsible for the dimer stability of PRs: the N and C

Reference Protease pH K,y Ty (sec) Remark
Holzman et al. 1991 HIV-2 4.5 87 pM
75 28 pM
Grant et al. 1992 HIV-1 5.0 <10nM
Towler et al. 1998 HIV-1 7.0 9 pM
HERV-K10 7.0 525 pM
Xie et al. 1999 HIV-1 7.0 527 pM Autolysis products interferred, K, taken as upper limit
Stiigovsky et al. 2000 HIV-1 6.0 77 pM
Cheng et al. 1990 HIV-1 7.0 50 nM 198
Zhang et al. 1991 HIV-1 3.6nM Very fast processes assumed
Jordan et al. 1992 HIV-1 <1 nM
HIV-2 <l nM
Darke et al. 1994 HIV-1 6.5 16 nM Fluorogenie inhibitor used
7.0 39nM
Pargellis et al. 1994 HIV-1 55 52nM 533 0 M NaCl
4.0 nM 745 1.5 M NaCl
Kuzmic et al. 1993 HIV-1 6.4 440 nM 239
Uhlikovi et al. 1996 HIV-1 6.4 112nM Integral kinetics
4.5 19 nM

The top part of the table shows the results of sedimentation studies; the bottom part the results of kinetic assays. T,,, is the halftime of dimer dissociation.
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Table 2. Values of K, and k_,, for the fluorogenic substrates
FS1 (Glu[ EDANSThrHisGInValTryl PheValArgLysAlalys
[DABCYL]-NH,) and FS2 (GM[EDANS]T]H‘PVUGIWVa[Ter«
FheValArgLysAlaLys [DABCYL]-NH,) and their chromogenic
analogues CS1 (AlaThrHisGInValTyr(p-nitro-Phe)ValArgLysAla)

and CS2 (AlaThrProGInValTyr(p-nitro-Phe)ValArgLysAla)

Enzyme Substrate K., (uM) K., (sec)
MAV-PR(S) FS1 22+06 07201
MAV-PR(S) FS2 3505 8.6+14
MAV-PR(S) CS1 75" 5t
MAV-PR(S) CSs2 9¢ 5*
HIV-1-PR(T) FS1 3.0+04 133+14
HIV-1-PR(T) CS1 15° 140
HIV-1-PR(S) FS1 4212 4807
MPMV-PR(T) FS1 09=0.1 1.9+02
MPMV-PR(T) CS1 60° 0.17¢

For experimental details see Materials and Methods. Several values were
adopted from *Konvalinka et al. (1991); *Konvalinka et al. (1990); and
“Zabransky (1999).

where K, is the equilibrium constant, [D] the concentration
of dimer, and E the overall (analytical) concentration of the
enzyme considered as monomer. We introduce the con-
stants o and B (Kuzmi¢ 1993):

a="\/K(K,+8E) (3a)
B=K,+4E. (3b)

Equation 2 now has the form

1
[D]= 58~ . @

Thus, the equilibrium constant has to be calculated from the
ratio of the initial and equilibrium dimer concentration with
the aid of equation 4. Let us denote Q. as the ratio [D,
[Dy]. where [Degl is the equilibrium dimer concentration
and [Dy] is the initial dimer concentration, that is, the equi-
librium concentration of the stock solution multiplied by the
dilution factor. Q. fulfills the following equation:

Ey K +4E—\/K (K, +8E)

CE K, +4E,—-\/KAK,+ 8E,)

«

(3)

oq

After some rearrangements, the quadratic equation for K is
obtained, which has two roots, one of them physically
meaningful:

-B = \/B>-4AC

K= 24

(6)
A= Q('q(Q('q[E + E(:]2 - EE()[an + ]]2)1 (72)
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B=-4EE((E + E)Q. (0., — 1), (7b)
C=4EE§0,,—1)". (7c)

Here E is the cuvette concentration, and E, is the concen-
tration of the stock solution.

Equation 6 was used for the practical determination of the
dimerization equilibrium constant K;. The parameter Q.
was calculated from the initial (t,ineubaion = 0) and limit
(toreincubation —> %) values of reaction rates. Final enzyme
concentrations after the dilution were chosen to cover the
significant range properly, that is, to reach different values
of the degree of dimer dissociation from low to high. Sub-
strate concentration was kept as low as possible, generally
below the value of K, to prevent possible substrate stabi-
lization of the dimer.

A typical dependence of the initial rate on the preincu-
bation time is shown in Figure 2, together with the inferred
equilibrium rate. The value of K; was calculated for every
series of measurements, and the final result was then ob-
tained as an arithmetic average of these values. These data,
together with number of determinations and the initial
(stock) and final concentrations, are presented in Table 3. A
schematic plot of these values for all the studied enzymes is
given in Figure 3. The wild-type forms of HIV-PR and
MPMYV-PR prefer the dimer form more than the wild type
of MAV-PR, with the difference being approximately an
order of magnitude. The two enzymes that can be compared
to their fireman’s grip mutants indicate that the dimers of
T-variants of PRs are about an order of magnitude more
stable than those of the S-variants. Wild-type MPMV-PR
(MPMV-PR[T]) is not compared with its mutant, but the
value of K for this enzyme is close to that of the other
T-variants.

Rate constant of dimer association and dissociation

The kinetics of the dimerization—-monomerization process is
described by the following differential equation:

70

60 4

50 |

40

Initial velocity (a.u./s)

20

00 e
0.0 20.0 40.0 60.0 80.0
Preincubation time (min)
Figure 2. Tnitial reaction rate as a function of a preincubation time
(circles). Dashed line indicates the equilibrium rate.
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Table 3. Values of equilibrium constants of dimerization (K ) and kinetic parameters (k,) of dimer dissociation and association

Number of Stock enzyme Assay enzyme

Enzyme experiments concentration (M) concentration (nM) Ky (nM) K, (10~ sec™) T2 (min) k, (10° M~ sec™)
MAV-PR(S) 6 18.4 12-62 412122 7.47+1.07 155+2.2 1.81+0.79
MAV-PR(T) 5 13-27 21-51 31.5+£33 781 +1.49 14828 248+ 183
HIV-1-PR(T) 7 3-21 1-7 15.1£4.3 6.78 £ 1.97 17.0£5.0 449 £25.8
HIV-1-PR(S) 4 0.75-10 2-10 122+ 28 12.1 £ 1.09 9.5+08 10.0£3.19
MPMV-PR(T) 4 2.78 4-19 13.5£83 281+ 10.8 4.1x£1.6 208.1 2079
Specific experimental conditions for each enzyme are indicated.

d[D] s experimental point, the quantity W is calculated and linear

dr K[M]" = k{D] ®) regression of its dependence on time is performed. The

Using [M] = E — 2[D] ([M] is the monomer concentration),
this equation can be solved yielding the time dependence of
dimer concentration, [D]

1(B-—a)y-(B+ oz)c_k"”l

e X ©
The symbol vy is defined as
E(By— ) — Eo(B + &)
BBy~ o)~ Eo(B 0

r= E(By— ap) — Eo(B — )

and o, and B, are defined analogously to a and B in equa-
tion 3, a and b, where E is substituted by E,,.

To determine the kinetic constants k, and k,. we make
use of the approximate, but generally accepted, relation
among these constants and K:

K= 1

=, (n
By rearranging equation 9 with the aid of equation 11, we
obtain the equation

WEKd (EQ(ﬁo*au)*Eo(ﬁ +ta)l

al EQ(By — ap) = Ep(B — a) 'Y) =kt (1)
where Q, the ratio of current and initial dimer concentra-
tions, is a generalization of the experimental quantity Q.
from equation 5 and is determined as a ratio of the reaction
rate at a certain time and at the initial time. The experimen-
tal quantity W depends linearly on time through the pro-
portionality constant k,. Thus, this constant can be deter-
mined by linear regression. By using equation 11, we obtain
the other rate constant k.

The determination of the rate constant k, makes use of
equation 12. In contrast to K, the values of initial reaction
rate for all preincubation times are necessary. For every

constant k, is obtained as a slope of this dependence. The
calculated values of the rate constant k, are shown in Table
3. In addition, values of the rate constant of dissociation k;
are presented there. The last quantity presented in this table
is the halftime of dimer dissociation provided that the dis-
sociation is an independent process and no association takes
place. Thus, this quantity is calculated in the following way:

log2
Ta= g (3)
It is, in fact, only a different expression of k, with a more
transparent meaning.

The final averaged values of kinetic parameters are pre-
sented in Table 3. It can be seen that MPMV-PR(T) is the
most quickly dissociating enzyme, whereas the other two
wild-type enzymes dissociate more slowly, MAV-PR(S) be-
ing slightly faster than HIV-PR(T). Comparison of wild-
type enzymes and fireman’s grip mutants of HIV-PR and
MAV-PR shows that the dissociation rate constants are less
affected by the mutations than the are K, values. Thus,
although HIV-PR(S) dissociates approximately twice as
quickly as HIV-PR(T), there is no difference between the
rate of dissociation of MAV-PR(S) and MAV-PR harboring
Ser38Thr mutation (MAV-PR[T]). In contrast, the associa-
tion rate constant k, calculated from the values of K; and k,

S-variants T-variants

31.5 nM - MAV-PR(T)
15.1 nM - HIV-PR(T)
135 nM - MPMV-PR(T)

8 -logu Ky

= 122 nM-HV-PR(S)

m;
F:; 412 1M - MAV-PR(S)

(

-~
Vi
—=

Figure 3. Values of K, for the five studied enzymes: logarithmic plot.
Each pair of the wild-type enzyme and corresponding mutant is connected
for clarity.
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(see Table 3), is strongly affected by the mutations. In sum-
mary, despite the higher experimental error of k, determi-
nation, the results show that the Thr—Ser mutation in fire-
man’s grip leads to the decrease of the rate of association
rather than to the increase of the rate of dissociation.

Discussion

In this article, we present a study of thermodynamic and
kinetic characteristics of dimerization of three PRs and their
mutant forms. These quantities have not been previously
reported for these enzymes, with the exception of the wild-
type HIV-1-PR. Even for this protease, which is one of the
most thoroughly studied enzymes, the values provided by
different experimenters and different methods are in a con-
siderable disagreement with each other. The problems with
K, determination arise especially from the very low value of
this constant, because the protein concentrations in enzy-
matic assays cannot differ much from K. The reason is that
the total enzyme concentration is divided equally between
monomer and dimer when it is equal to K, (cf. equation 2).
Moreover, the concentration range in which neither of the
two forms prevails is rather limited, approximately one or-
der of magnitude on each side. For example, when the en-
zyme concentration E = 10K, 80% of the protein is pres-
ent as dimer, whereas for E = 0.1K,, the dimer forms only
15% of the total enzyme. For the determination of low
values of Ky (1077 to 107%), the experimental enzyme con-
centration has to be kept close to these values, which con-
sequently complicates the detection of the response, and
thus, it allows only fluorescent detection in kinetic studies.
Methods such as NMR or light scattering, which require
high protein concentrations, are almost excluded from these
studies unless the protease has a dimerization defect leading
to a much higher K (Ishima et al. 2001; Schatz et al. 2001;
Louis et al. 2003).

The results presented in this article were obtained under
optimal conditions of pH and ionic strength for each wild-
type enzyme, and the substrate concentrations were kept
below the K, of the dimer. Two different substrates for
MAYV PR gave similar results. Other artifacts that might
interfere with the interpretation also are unlikely. Autopro-
cessing, precipitation, or denaturation of the enzyme or its
adsorption on the walls of preincubation tubes are excluded
by those experiments performed with higher enzyme con-
centrations, because they run to a well-pronounced equilib-
rium,

In the experimental results presented, there are two prin-
cipal sources of the experimental error, the error of enzyme
titration and the error of determination of the ratio of equi-
librium and initial rates. The error of K; was estimated
using the equation

2178 Protein Science, vol. 12

K
70 AQ, (14)

AK, aKd‘AE |
*=[3E, ot

where AK,, means the error of the equilibrium constant, AE,,
is the error of the initial concentration obtained from the
nonlinear regression procedure, and AQ is the error estimate
of the equilibrium and initial rates ratio. The error of en-
zyme titration depends on the availability of a tight-binding
inhibitor of the corresponding enzyme. In the case of MAV
and MPMYV enzymes, for which only less tightly binding
inhibitors are available, the error is higher. Furthermore, the
fluorometric detection of enzyme activity, especially the
signal-to-noise ratio, is supported either by high enzyme
activity or lower dimer stability, because the experiment
then can be carried out with more enzyme. Accordingly, the
lowest experimental error was obtained for the enzymes
with high activity and low Kyvalue (such as HIV-1-PR[T])
and the highest for MAV-PR(T) and MPMV-PR(T).

As regards the rate constant determination, we decided to
determine experimentally the dissociation constant k, and
then calculate k; by using the value of of K. The reason is
that dimer dissociation is the prevalent process immediately
after the dilution of the enzyme solution, and k, is thus less
affected by the experimental error. Moreover, dimer disso-
ciation obeys first-order kinetics, which are concentration
independent. This fact precludes the influence of enzyme-
titration error on k,, when only short-time measurements are
taken into account. The values of k;, on the other hand, are
influenced by all the errors of the both previous determina-
tions, which makes them less reliable for enzymes in which
both the measurements are troublesome, as, for example,
MPMV-PR(T).

Because of the complexity of the mathematical procedure
used to determine k, and its weak dependence on the en-
zyme concentration, the experimental error of this constant
was estimated as a standard deviation of the mean of a set
of independent experimental results. The errors of the de-
pendent quantities, 7,,, and k,, were evaluated by using the
following expressions:

Akyln2
ATy = 2 ’ (15a)
2
K Ak, + k,AK,
Ak, :“’2722‘{, (15b)
Ky

The determined values of K, (see Fig. 3) differ considerably
among the studied enzymes. Physically meaningful depen-
dencies can, however, be observed. First, the K, of wild-
type HIV-1-PR (HIV-1-PR[T]) agrees well with the other
kinetically determined values of this constant in similar con-
ditions, especially as published by Pargellis et al. (1994) and
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Uhlikovd et al. (1996). However, the majority of the sedi-
mentation experiments provide values that are higher by
three to four orders of magnitude. We hypothesize that this
disagreement is caused by the pressure dependence of the
equilibrium constant, as found, for example, in the case of
LexA represor (Mohana-Borges et al. 2000). High pressure
in the cuvette forces proteins to decrease their volume, lead-
ing to unfolding or dissociation of multimeric structures
(Silva et al. 2002). The equilibrium constant K, depends on
pressure via the standard molar Gibbs reaction energy A,G°,
Ky = exp(-A,G%RT), where R is the molar gas constant
(R = 8.314 J mole'K™') and T is thermodynamic tempera-
ture. The partial derivative of A, G® with respect to the pres-
sure is A, G%ap = A, V", where A V" is the molar reaction
change of volume. Thus, if an approximation is made that
this quantity is independent of pressure, the pressure depen-
dence of A,G® is as follows: AG(p) = A,G%p,) + AV’
(p-po)- Now it is possible to compare results of kinetic and
sedimentation studies, and estimate the value of A, V° that
might cause the observed difference. If an example of the
kinetic result of the present study (K; = 15 nM) and the
sedimentation result of StfiSovsky et al. (2000; K, = 77
M) are taken, the former gives A,G” = 45kJ/mole; the
latter, A,G” = 24 kJ/mole. The pressure during ultracentri-
fugation is in the order of 5 MPa. Thus, the corresponding
AV is ~—4.3 x 107 m*/mole, which is 7.1 x 107" m® per
a reaction of one dimer molecule. According to the calcu-
lation method presented by Zamyatnin (1972), the volume
of the dimer is about 2.7 x 1072 m>, Similar volume esti-
mates can be deduced also from the Protein Data Bank
crystal structures. Hence, the calculated volume change af-
ter dissociation of a single PR dimer decreases by one
fourth. Although this estimate of the volume change is
higher than the values measured for other proteins (Foguel
et al. 1998; Mohana-Borges et al. 2000; Suarez et al. 2001),
the volume change might account for the experimentally
observed high K, values, when sedimentation analysis is
used for K, determination.

The dimer of HIV-1-PR(T) is by more than an order of
magnitude more stable than that of MAV-PR(S), but is com-
parable with MPMV-PR(T) dimer. This observation means
that in the concentration range between ~107° and 107° M,
the HIV-1 and MPMV PRs are considerably more active as
a direct consequence of the process of dimerization. Dimer-
ization could play an important role in regulation of activity.
The concentration of the protease in the viral particle, esti-
mated to be ~0.1 mM (Konvalinka et al. 1995), at first
glance seems too high for such regulation. However, dimer-
ization might be important for activity regulation in the cell
before the formation of an immature viral particle, although
the quantification of this process is difficult. It was reported
that N-terminal extension of the protease may change both
its activity and dimerization properties (Zybarth and Carter
1995; Schatz et al. 2001). The requirement for dimerization

prevents the cleavage of cellular proteins and the premature
processing of viral polyproteins by viral PR. It was shown
(Burstein et al. 1991; Kriusslich 1991) that introduction of
a tethered PR dimer into a retroviral provirus lead to the loss
of infectivity and particle formation, clearly due to the pre-
mature activation of the polyprotein processing.

Our experiments show that the dimers of the T-version of
MAY and HIV PRs are more stable than are their S-analogs,
with the difference in K, being about an order of magnitude
for both enzymes. The structural reason for this phenom-
enon is far from clear, but the observation itself is in cor-
tespondence with the previous virological expectations.
Thus, the expression strategy of a retrovirus (PR in frame
with its substrate or not) correlates well with the amino acid
after the active-site aspartate (serine or threonine), as well as
with the K, value. Hence, the change in this amino acid
might be a direct cause of the different dimer stability,
which in turn helps to regulate the replication of the virus.
Our results thus strongly support the hypothesis that
Thr—Ser mutation in fireman’s grip destabilizes the dimer
of the protease and vice versa, and this mechanism is used
in the nature for regulation of proteolytic activity of PRs.

The determined values of the kinetic constant k, (and also
T1») summarized in Table 3 show that the increased dimer
stability of the T-version of PRs is caused by a higher rate
of the dimer association rather than slower dissociation.
Thus, the respective amino acid does not probably stabilize
the dimer considerably but plays an important role in the
mechanism of dimer association. It is conceivable that as-
sociation and dissociation are not strictly reciprocal but pro-
ceed by different pathways. Provided that the dimer is kept
together mainly by the interactions in the N- and C-terminal
dimerization domain and the flap region (see Fig. 1A), it is
not surprising that the influence of the fireman’s grip mu-
tation to the dissociation process is small. However, these
two domains are probably insufficient to induce the dimer
formation on their own. We hypothesize that the fireman’s
grip provides an aid to dimerization, mediating the initial
contact of the two monomer molecules and adjusting them
to the proper conformation and/or orientation. Several pos-
sible mechanisms for this phenomenon can be proposed.
One of them can be inferred from a detail of this structure
(Fig. 1B). This domain is capable of binding the two chains
quite firmly by a network of hydrogen bridges and forms
some predimeric intermediate. Recent structural analyses
(Ishima et al. 2001; Louis et al. 2003) have demonstrated
the existence of a folded monomer conformationally very
similar to the subunits of a dimer. Thus, the conformation
change of the monomer subunit is likely to be small and the
initial intermediate may play a role in orientation of the
particles to the proper positions. The fireman’s grip domain
is situated in an optimal position for this purpose (as op-
posed to, e.g., dimerization domain at the PR termini), be-
cause it is close to the mass center of the dimer. Hence, once
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the subunits are connected in this region and even oriented
properly, the dimerization process might be facilitated.

The remarkable difference between threonine and serine
in the fireman’s grip motif also can be anticipated from
Figure 1B. Methyl groups of threonines may come into a
tight contact during the dimer formation. An interaction of
these groups may restrict the rotation around the joint con-
necting the two monomers and, therefore, stabilize the na-
scent dimer. The conformation of the threonine side chains
need not change in a major way during this process, because
even in the final dimer structure, they are still close to one
of the favorable rotamers, as can be deduced from the ro-
tamer library (http://www.fcce.edu/research/labs/dunbrack/
bbdep.html; see also Dunbrack Jr. and Karplus 1993; Dun-
brack Jr. and Cohen 1997). If threonine is substituted by
serine, the methyl groups are missing. The nascent interme-
diate is lacking their interaction, and ils geometry may
therefore be less favorable for establishing the contacts with
the other domains important for dimerization.

Materials and methods

Expression and purification of recombinant enzymes

DNA coding for MAV-PR was a kind gift of Jifi Hejnar (Institute
of Molecular Genetics, Academy of Sciences of the Czech Repub-
lic, Prague, Czech Republic), and the DNA coding for the
Ser38Thr mutant of MAV-PR was kindly provided by Moshe Kot-
ler (Department of Molecular Genetics, Hebrew University,
Hadassah Medical School, Jerusalem, Israel). The DNA coding
regions of MAV-PR(S) and MAV-PR(T) were PCR-amplified and
cloned into the expression vector pET 22b (Novagen) by using
5'-AGAAGCTTCTCGAGCTATAAATTTGTCAAGCG-3' as a
downstream primer and 5-TAGGTACCATATGGGATCCCC-
GGGACATTAT-3" as the upstream primers for MAV-PR, cloned
with 65 codon extension at the 5'-end, and 5'-TAGGTACCATAT
GTTAGCGATGACAATGGAG-3' for the mutated MAV-PR(T)
(without extension). Restriction endonucleases Xhol and Ndel
were used, respectively. Coding areas of the constructs were
checked by DNA sequencing. The expression and purification pro-
tocol follows the procedure of Pichova et al. (1992) with minor
modifications. Bacterial cells BL21(DE3) were transformed by the
expression plasmids and grown to the optical density of 1.0. The
expression was induced by 1 mM IPTG (isopropyl-B-p-galacto-
pyranoside); after 3 h of expression cells were harvested, washed
by PBS buffer (10 mM PO,*", 100 mM NaCl at pH 7.2), and
resuspended in buffer A (50 mM Tris-HCI, 50 mM NaCl, 5 mM
EDTA at pH 8.0) with the addition of phenylmethylsulfonyl fluo-
ride (PMSF, 10 pg/mL). Cells were disrupted by two cycles of
freezing/thawing (~70°C), 30-min incubation with chicken egg
lysozyme (0.5 mg/mL), and another 30-min incubation with 1%
sodium deoxycholate (0.05 mL per 1 mL of the cell suspension)
followed by three 1-min sonication cycles. Suspension was cen-
wrifuged for 10 min at 1000g at 4°C; pellet was resuspended in 3
mL buffer B (50 mM Tris-HCI, 50 mM PO43', 30 mM NaCl, 2
mM EDTA, 0.1% [v/v] mercaptoethanol at pH 7.5) and then dis-
solved in buffer B containing 9 M urea. The solution was dialyzed
against buffer C (20 mM Tris-HCI, 10 mM PO_‘"_, 20mM NaCl,
1 mM EDTA, 0.05% [v/v] mercaptoethanol, 5% [v/v] glycerol at
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pH 7.0) and centrifuged (20,000g, 4°C, 30 min). The refolding was
repeated three times. Supernatants were collected and purified by
batchwise anion-exchange chromatography on DEAE-Sephadex in
buffer C, and the unbound material was further dialyzed into the
buffer D (10 mM sodium acetate, | mM EDTA, 0.05% 2-mercap-
tocthanol at pH 5.0), loaded on the column of SP-Scpharose and
eluted by NaCl gradient (0 to 0.4M) in buffer D.

HIV-1-PR(T) and HIV-1-PR harboring Thr26Ser mutation
(HIV-1-PR[S]) were prepared as described in StiiSovsky et al.
(2000). MPMV-PR (the 12-kD form; Zabransky et al. 1998) was a
kind gift of Iva Pichovd (Institute of Organic Chemistry and Bio-
chemistry, Academy of Sciences of the Czech Republic, Prague,
Czech Republic).

Titration of enzyme by tight-binding inhibitor

One milliliter of assay buffer AB (0.1 M sodium acetate, x M
NaCl, 1 mM EDTA, 10%[v/v] glycerol at pH 5.0; x = 2.0 for both
wild-type and mutated MAV-PR[S] and /7] and 0.3 for the other
enzymes) was mixed with a constant amount (typically 10 to 20
L of 3 mM stock solution) of the peptide subsirate AlaThrHis-
GInValTyr (p-nitro-Phe) ValArgLysAla (5 mg/mL) and a variable
amount (0 to 100 pL) of a tight binding competitive inhibitor
(Majer et al. 1993). Enzyme-specific peptide inhibitors were
used for this purpose: QF34, 1| pM (Konvalinka et al. 1997)
for HIV-1-PR(T) and HIV-1-PR (S); ProProCysVal (PheSta)
AlaMetThrMet, 13 pM for MAV-PR(S) and MAV-PR (T); and
ProTyrVal (PheSta) AlaMetThr, 36 pM for MPMV-PR(7T). The
reaction was started by the addition of 10 pL of the enzyme and
was monitored spectrophotomeitrically. Typically, the reaction was
performed for several different values of inhibitor concentration,
and the initial velocity was determined for each of them. The
enzyme concentration was determined by nonlinear regression of
the dependence of the initial velocity on the inhibitor concentra-
tion.

Fluorogenic substrates for kinetic studies

Two peptide substrates were designed by using an internally
quenching pair of fluorescent groups EDANS (donor) and DAB-
CYL (acceptor) as reported (Matayoshi et al. 1990). The sequences
of the two substrates are as follows: FS1, (Glu[EDANS]ThrHisGlIn
Va]'l‘yrthcVa.lArgLysAlaLyslDABCYLI—NHE); FS2, (Glu[EDANS]
ThrProGanalTerPheValArgLysAlaLys [DABCYL]-NH,: the
arrow denotes the cleavage site). The fluorogenic substrates were
synthesized on the solid phase by using standard O-(benzotriazol-
1-y1)-N,N,N" N'-tetramethyluronium tetrafluoroborate (TBTU)
mediated 9-fluorenylmethoxycarbonyl (Fmoc) chemistry on poly-
styrene support with peptide amide linker (PAL), 5-(4-Fmoc-ami-
nomethyl-3,5-dimethoxyphenoxy)valeric acid. Both the fluoro-
phore (EDANS) and the quencher (DABCYL) were introduced
onto the corresponding amino acids (Glu and Lys) prior to their
attachment; hence, FmocGlu(EDANS)-OH and FmocLys
(DABCYL)-OH were used for the coupling. The peptides were
cleaved off the resin and simultancously deprotected by 5% thio-
anisole, 3% ethandithiole, 2% anisole, and 90% trifluoroacetic acid
(TFA) and were finally purified by high-performance liquid chro-
mography (Vydac CI18 column) using water/acetonitrile/0.1%
TFA as mobile phase in gradient elution (Gulnik et al. 1997).

Kinetic characterization of fluorogenic substrates

A series of reactions was performed in which increasing amounts
of the substrate (typically 3 to 15 wL of 2 mM stock solution) was
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mixed with 3 mL of assay buffer AB (sce above), and the reaction
was started by addition of 3 pL of the enzyme. The fluorescence
increase was monitored for 300 sec, and the initial reaction rate
was determined. The constants K, and k., were calculated by
fitting the data to the Michaelis-Menten equation by nonlinear
regression.

Determination of dimerization parameters

A stock concentration of the enzyme was dialyzed into the assay
buffer AB (see above) and titrated by tight-binding inhibitor. To
determine the dimerization parameters K and k,, several series of
individual reaction runs were performed, each of them for different
enzyme concentration. Every experiment consisted of several re-
actions differing in the preincubation time. The reaction for the
zero preincubation time: 3 mL of the assay butfer was mixed with
known amount (I or 2 pL) of fluorogenic substrate (~2 mM), and
the reaction was started by the addition of the corresponding
amount of enzyme. The course of the reaction was monitored
Muorometrically for 300 sec. The reaction mixtures for the other
reactions were prepared mixing 3 mL of the assay buffer with the
corresponding amount of the enzyme in plastic tubes. These
samples were preincubated in 37°C, each one for a different time
(2 to 75 min). After preincubation, the content of the tube was
transferred into the cuvetle, and substrate was added in the same
amount as in the first reaction; the reaction course was monitored.
Initial reaction rate was determined graphically as the negative
value of the slope of this dependence for t.., oo = 0. After com-
pleting the whole series, the limit reaction rate for t, ;. ubation — %
was estimated. The dimerization parameters were derived from the
set of initial reaction velocities for all these series by a mathemati-
cal procedure described in Results.
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We present a way of using numerical quadrature in momentum space for solving the three-dimensional
Lippmann-Schwinger equation. The integration is performed in spherical coordinates. Test calculations show
that the quadrature is well suited for the clectron-molecule scaltering problems, Sample results of elastic
scattering of electrons are presented for the empirical Yukawa potential and ab initio Hartree-Fock potential of

the hydrogen and methane molecules.

PACS number(s): 34.80.Bm

I. INTRODUCTION

Progress in calculations of electron-molecule collisions
has been recently reviewed in several books and review ar-
ticles (see, for example, Refs. [1] and [2]). Recent variational
treatments of electron-molecule collisions (see, for example,
Refs. [3-5]) usually use Gaussian-type functions as the
variational basis set. Although the use of Gaussians in
bound-state calculations has become a routine task, their uti-
lization in scattering problems is not so simple. One needs a
large set of diffuse functions to represent properly all the
operators appearing in the variational functional. Moreover,
the S-matrix Kohn method requires additional continuum
functions with correct asymptotic behavior. The choice of
the resulting set is connected with some uncertainty and may
lead to linear dependency. For these reasons, it is desirable to
separate basis functions used for the construction of the
Hartree-Fock potential and those appearing in the solution of
the scattering equations. We attempted this by developing
the cubic grid Gaussian basis sets (CGGBS) [6—10] consist-
ing of s-type Gaussians centered at the points of a regular
cubic lattice. The basic construction principle of the
CGGBS—the best fit of the plane wave—allows the expres-
sion of the Green’s function in a separable form and the
acquisition of T elements by simple inversion of the
Lippmann-Schwinger (LS) equation. Unfortunately, this
method suffers from two main disadvantages: without semi-
empirical adjustment it yields infinite diagonal elements of
the Green’s function, and the interaction potential matrix ex-
pressed in CGGBS becomes nearly singular at lower ener-
gies.

To overcome these problems we decided to modify the
method originally proposed by Walters [11] who used a nu-
merical quadrature in k space to solve the Lippmann-
Schwinger equation. To point out the formal analogy with
the discrete variable representation, we refer to the proposed
method as to the discrete momentum representation (DMR)
method. The method leads to a matrix equation for scattering
amplitudes similar to that in the 7-matrix expansion [12].

1050-2947/2000/61(3)/032701(7)/515.00
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The discrete set of quadrature vectors in the k space may be
considered as a basis set which allows to represent the
T-operator matrix once the molecular potential is available in
any standard basis set.

II. THEORY

A. Standard numerical

lution of the Lipp
equation

Schwinger

The problem of solving the Lippmann-Schwinger equa-
tion [13]

T(E)y=U+UGyE)T(E), (1

where U stands for double of the potential, is encountered in
many branches of physics and chemistry and its efficient
solution is of a vital importance. The standard way of tack-
ling this problem consists in carrying out the partial-wave
expansion of all the quantities and solving a coupled set of
one-dimensional partial wave LS equations of the following
type

1 (= u,:(p,k).x‘,(k,p';E]kzdk
E)= N4 — ey e i
tip.p" s E)=up,p’) ﬂ_J;) E—ktie

2

in momentum space [14]. This equation is singular (singular
integrand and infinite integration range) and special attention
must be paid to the correct treatment of the singularity. There
exist several more or less satisfactory ways of treating the
singularity of the integral kernel (see, for example, Refs.
[15—19]). Here we quote a widely used approach [19] con-
sisting of the following. The infinite integration range (0; )
is reduced to (—1; 1) by means of the transformation

k—ky

X

where

©2000 The American Physical Society
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2uE
ko= 4)

which sets the kernel singularity to the middle of the integra-
tion range, x=0. For computation of the resulting integrals

which are of the type
1 f(x)dx
o 10 .
=1

X

the use of 2n-point Gaussian rules is recommended, since
not only do they have maximum degree of exactness, but
because of the symmetry they also integrate exactly the func-
tion l/x [20]. It is also possible to subtract the singularity
[14] by writing

. f] flx)dx _ f' -1 ©
—1 X -1 X

Then also (2n+ 1)-point Gaussian rules may be used. The
symmetric distribution of quadrature nodes with respect to
zero permits us to neglect the subtraction term. The partial
wave LS equation is then solved for a series of angular mo-
mentum quantum number / and the cross sections obtained
by summing contributions from all partial waves. This ap-
proach is very efficient provided the number of contributing
partial waves is low. This is true for very low-energy elec-
trons and spherical targets. At higher energies and for
heavier particles the number of partial waves increases rap-
idly and soon the method becomes impractical.

B. Essence of the discrete tum repr

We propose a different method which avoids the partial-
wave expansion and which is directly applicable to non-
spherical targets. The idea is to solve the LS equation in the
full three-dimensional momentum space:

(k| Uk) (K| 7| ko) dk
_ PR I el =
(kq| k) = (kg | U] key) J Rkt ie

To do so, we express the LS equation in spherical coordi-
nates in the k space and treat separately the radial and angu-
lar integrations. Let us write the T-matrix element as

> f(Ky Ky k) dk
(Tl =l e+ || 2

(8)
where the function f(k,,K, ;&) is defined as

Fky Ky sk)= J Ak | U kn(Q)){kn(Q)|T|ky), (9)

and the symbol n({2) stands for the unit vector in the direc-
tion {}. The solution of Eq. (8) may be in principle per-
formed by the numerical technique described in the previous
subsection. An efficient method for angular numerical
quadrature was developed by Lebedev [21] and has been
applied to problems in electronic-structure [22] and electron-
scattering theories [23].

PHYSICAL REVIEW A 61 032701

Using this numerical quadrature, we solve a set of linear
algebraic equations and we obtain the 7 matrix on a three-
dimensional grid in momentum space. For this approach, to
be efficient, the total number of mesh points must be low. It
can be achieved by restricting the radial integration region by
using the following substitution:

a+bx

k"a*bx'

k= (10)

With respect to Eq. (3), the transformation (10) diminishes
considerably the extent of the numerical quadrature by cut-
ting off the high-energy region. Without this cutoff it is dif-
ficult to reach a convergence of the numerical procedure. The
transformation (10) also cuts off the low-energy region,
though this is less justifiable than the cutoff of the high-
energy region. However, the parameters @ and b may be set
so that the disregarded region is small and its exclusion does
not affect the result. By numerical tests we chose «
=10.3333 and h=9.6667 as default values since they repre-
sent a good compromise between the computational effort
(given by the number of quadrature points) and accuracy (see
Sec. TI'D for details). The transformation (10) gives a sym-
metric distribution of the quadrature nodes and the subtrac-
tion term in Eq. (6) vanishes.

Application of both the radial and angular quadratures to
Eq. (7) converts it to the matrix form

T=U+UG, T, (11)

in which the matrix e¢lements are defined as

Tq,,pf:<kq"j"r|ky“p>s (12)
Vi pi= kg V], my), (13)
8,8, wkoil2 it p=0,
(Ga.)w‘-m: 5.5, 2ah1¢’I:\.1;,.k;k9 it 0.
e (a*hxp)‘(k?,*kz)
(14)

Subscripts p, g and 7, j are indices of nodes in the radial and
angular quadratures, respectively, w is the weight, and x, is
defined by Eq. (10). ¥ is the interaction potential and U
=2V. The matrix T may be obtained by the matrix inversion

T=(1-UG,) 'U. (15)

A peculiar feature of the DMR approach is that we do not
obtain directly the scattering amplitude for an a priori se-
lected scattering angle, but for a set of discrete angular co-
ordinates given by the numerical quadrature. The scattering
amplitude for a particular scattering angle can be obtained by
an additional computational procedure (see Sec. IIE).

C. Scattering of electrons on molecular targets

Calculations of electron-molecule collisions are usually
performed with the use of the optical potential in static-
exchange approximation

032701-2
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TABLE 1. Dependence of the differential (DCS) and integral (ICS) cross sections of the elastic e-CHy
scattering on the extent of the integration range. a, b—parameters of Eq. (10); & pin JAmax—lower and upper
limit of the integration range; N4 ,Ny,—number of radial and angular quadrature points necessary for the
convergence.

DCS [A%sr]

PHYSICAL REVIEW A 61 032701

E Kmin Kmax ICS

(eV) a b (a.u.) (a.u.) N Ning 0° 90° 180° (A%

5 10.67 933 0.040 9.09 21 110 2.73 0.882 2.67 17.16

10.5 9.5 0.030 12.12 21 110 2.64 0.892 24 16.6

10.4 9.6 0.024 15.15 21 110 2.51 0.89 22 16.0

10.33 9.67 0.020 18.19 25 110 248 0.88 2.15 15.7

20 11.00 9.00 0.121 12.12 21 146 10.50 0.495 1.436 16.49

10.67 9.33 0.081 18.19 23 194 10.56 0.40 1.44 16.6

10.50 9.50 0.061 2425 25 194 10.59 0.40 142 16.7

10.40 9.60 0.048 30.31 25 194 10.58 0.40 1.41 16.7

10.33 9.70 0.040 36.37 29 194 10.59 0.41 1.40 16.7
V=V, +V,. (16) The elements of density matrix P,p can be used also to

The static part includes electrostatic interaction of the scat-
tered electron with the charge density

p(r):—g Z3(r-R)+22 |, (17

where Z,, R, and ¢; have their usual meaning of nuclear
charges, atomic positions, and occupied molecular orbitals.
The corresponding matrix element is expressed as

4 .

i) =27 [ e*rpmar ()
where K=k, — K, . Using second-order Taylor expansion for
the exponential in Eq. (18) one can show that the last expres-
sion diverges for the targets with nonzero dipole moment at
K =0, whereas for systems with zero dipole moment the term
becomes undefined. Since the forward Fg clement is used
only for integration and represents a zero-measure set, we
can replace it by a point very close to K=0. In the limit K
—0 the forward Coulombic term yields the following for-
mula,

2w

-
7 KMk,

K|V k)=~

(19)

where M is the molecular second moment.

Finally, let us substitute for charge density of a closed
shell target molecule from Eq. (17) and apply the linear com-
bination of atomic orbitals expansion of molecular orbitals.
The Coulombic matrix elements (18) in a nonforward direc-
tion become

4 | .
(k| Vo) = I ( - Zye R
A

+

Ea_‘, > Pﬂﬁ.<k,a

B \

;11“2‘ kzﬁ> ) (20)

calculate second moments. The exchange integrals may be
evaluated in a similar manner

1 [ 1 |
KVl == 53 S P kla—‘3k2>, 21
a p \ 12

and no special treatment is required for diagonal elements.

Packages for Hartree-Fock calculations use almost exclu-
sively Gaussian basis sets. The formulas for hybrid Coulom-
bic and exchange integrals are available in the literature
[12,24-26].

D. Test of the truncated radial integration

In this section we comment on setting the constants a and
b in Eq. (10). A pair of the constants @ and b was chosen,
which defines the integration range. For this integration
range the calculations of the differential cross section were
performed with increasing number of both the radial and
angular quadraturec mesh points, until the convergence was
reached. Then the integration range was extended and a con-
verged result was calculated again. This procedure was re-
peated so many times, until the result was stable. The con-
stants « and b so obtained were accepted as standard values
for all other calculations. These tests were done on the meth-
ane molecule with the molecular valence double ¢ basis set
[27]. The results for 5 and 20 eV are summarized in Table I.

E. Averaging over the molecular orientation

The results for electron scattering on molecules in the gas
phase should account for random orientation of molecular
targets. This fact requires an additional procedure to obtain
differential cross sections averaged over molecular coordi-
nates. As is usual [23], we keep the molecular target fixed
and integrate the differential cross section over the pairs of k
vectors with a fixed scattering angle. The procedure is per-
formed in the following manner. Around each vector from
the angular set we assume a circle on the sphere with the

032701-3
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TABLE II. Differential cross sections (in A%/sr) of elastic scat-
tering of 1-eV electrons on the Yukawa potential. The results for
different numbers of radial quadrature nodes (N) are compared
with those obtained by partial-wave expansion (PWE). The number
of angular quadrature nodes has been set to 38.

Scatt. angle

(deg) N=5 N=7 N=9 N=I1 N=15 PWE
0.00 03969 0.3946 0.3939 03938 03937 0.3936
35.26 0.3658 0.3639 0.3632 03631 03630 0.3629
54.74 03296 0.3281 0.3274 0.3273 03273 0.3271
70.53 0.2971 0.2960 0.2953 0.2952 02951 0.2950
90.00 0.2587 0.2580 0.2573 0.2573 02572 0.2571
109.47 0.2262 0.2258 02251 0.2251 02250 0.2249
125.26 02054 02053 02047 0.2046 02046 0.2045
144,74 0.1873 0.1874 0.1867 0.1867 0.1866 0.1866
180.00 0.1747 0.1749 0.1743 0.1742 0.1742 0.1741

radius k. The radius of the circle corresponds to the scat-
tering angle. By numerical integration along this circle we
obtain the averaged differential cross section for a particular
k vector. This is performed consecutively for all vectors
from the angular set and the final value of the differential
cross section is obtained by averaging the values calculated
for individual k vectors. The procedure is general and may
be used for any set of scattering angles. However, it is prof-
itable to select scattering angles given by the angular quadra-
ture, because such a selection reduces the number of the

T T T T T T T

35+ B
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FIG. 1. Angular dependence of the differential cross section of
clastic electron scattering on H; at 5 eV. The calculated results were
obtained with 11 radial and 38 angular points. The lines represent-
ing results obtained for 13, 15, and 17 radial points and higher
numbers of angular points are indistinguishable from the presented
line. The dashed line represents the static result without inclusion of
the exchange term. The experimental data are taken from Refs. [28]
(squares) and [29] (triangles).
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FIG. 2. Angular dependence of the differential cross section of
elastic electron scattering on H, at 10 eV, See Fig. 1 for details. The
crosses represent results of static-exchange calculations of Ref.
[32].

U-matrix elements needed in the numerical integration on
the circles. Presently we are working on a more efficient
averaging procedure.

III. RESULTS AND DISCUSSION

As the first test of the radial and angular quadratures de-
scribed in this paper we calculated angular dependence of the

Differential Cross Section [B%/sr]

0 20 40 60

1 L i 1 L
80 100 120 140 160 180
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FIG. 3. Angular dependence of the differential cross section of
elastic electron scattering on H, at 15 eV. See Fig. 1 for details
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60 80 100 120 140 160 180

L \
0 20 40

Scattering Angle [deg.]

FIG. 4. Angular dependence of the differential cross section of
elastic electron scattering on H; at 20 eV, See Fig. 1 for details,

differential cross section for elastic electron scattering on the
Yukawa potential

V=— (22)

The calculated elastic cross sections at 1 eV compared with
those obtained by partial wave expansion are shown in Table
II. We present results for five sets of radial quadrature nodes.
Because of spherical symmetry of the potential, the calcu-
lated cross sections depend only very little on the number of

18

16 - 3 o 4

Integral Cross Section [A7]
=

0 4 8 12 16
Energy [eV]

FIG. 5. Elastic integral cross section for e-H, scattering. The
solid line represents results obtained by use of the quadrature with
11 radial and 38 angular points. Higher quadratures give lines that
are indistinguishable from the presented line. The dashed line rep-
resents the static result without inclusion of the exchange term. The
experimental data (circles) are taken from Ref. [29]. The triangles
and squares represent the results of static-exchange calculations of
Refs. [31] and [32], respectively.
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FIG. 6. Angular dependence of the differential cross section of
elastic electron scattering on the methane molecule at 5 eV. The
calculated results obtained by different numbers of angular points
are represented as follows: 86, dotted line; 110, long dashes; 146,
solid line. The experimental data are taken from Ref. [30] (tri-
angles). The circles represent the results of static-exchange calcula-
tions of Ref. [33]. The static results are out of scale in this figure.

Differential cross section [A%/sr]

P T N S
0 20 40 60 80 100 120 140 160 180
Scattering Angle [deg.]

FIG. 7. Angular dependence of the differential cross section of
elastic electron scattering on the methane molecule at 10 eV. See
Fig. 6 for details. The dashed line represents the static result with-
out inclusion of the exchange term.
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Differential Cross Section [A%/sr]
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FIG. 8. Angular dependence of the differential cross section of
elastic clectron scattering on the methane molecule at 15 ¢V. See
Figs. 6 and 7 for details.

angular nodes, and it is not necessary to apply Lebedev
quadratures with more than 38 points. As can be seen in
Table I, the DMR approach yields results exact to four dig-
1ts.

In order to show the applicability of the DMR approach to
real molecular systems, we calculated the cross sections of
elastic electron scattering on hydrogen and methane mol-
ecules. Since the present version of our computer code al-
lows only calculations in the static-exchange approximation,
the polarization effects are not taken into account. For both
H, and CH, the standard valence double { basis set [27] has
been used for construction of the Hartree-Fock potential
(16). The calculated cross sections for the elastic electron
scattering on H, are presented in Figs. 1-4 along with two
sets of experimental data. The angular quadrature set with 38
points is large enough in this case, and the extension of the
angular set does not change the results. The curves in each
one of Figs. 1-4 represent results obtained with different
numbers of radial points ranging from 11 to 17. The minimal
radial set with 11 points is large enough to represent the
converged results. The absence of polarization contributions
to the potential causes well-known underestimation of the
calculated cross section near the forward direction. As can be
seen in Fig. 5, the calculated cross section of elastic e-H;
scattering follows closely the results of two other approaches
[31,32]. Since the resulting integral cross section is mostly
affected by near-forward contributions and no polarization
effects have been introduced in the calculations, the calcu-
lated values differ significantly from the experimental ones.
In all figures we also present the static results (i.e., cross
sections obtained without the exchange potential), suggested
for future comparison with other techniques.

The second example, dependence of the cross section of
the elastic electron scattering on the methane molecule,

PHYSICAL REVIEW A 61 032701
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P T T S
0 20 40 60 80 100 120 140 160 180
Scattering Angle [deg.]

FIG. 9. Angular dependence of the differential cross section of
elastic electron scattering on the methane molecule at 20 eV. See
Figs. 6 and 7 for details.

shows good convergence of the results with the increasing
size of the angular set. The calculated differential cross sec-
tions for three angular sets are plotted in Figs. 6-9. The
number of radial nodes has been set to 21 in all three cases.
As it is seen, DMR calculations provide results very close to
experimental data. The agreement is worse for 5 eV because
of the neglect of polarization effects.

IV. CONCLUSION

We presented a method for the calculation of the cross
sections of electron-molecule collisions based on a numerical
quadrature applied to the Lippmann-Schwinger equation in
momentum space. The suggested distribution of quadrature
nodes maintains a relatively high precision of the numerical
procedure. The method seems to be feasible for calculations
of electron scattering on polyatomic molecules. Since the
sizc of the resulting sct of lincar cquations is not related to
the number of atoms of the molecule, the presented treatment
could be suitable for economical calculations of electron-
molecule scattering on personal computers.

At the present time the method is restricted to calculations
of elastic electron or positron scattering cross sections on
nonpolar targets. Further extension to polar systems as well
as the treatment of various types of inelastic collisions and
inclusion of polarization cffects will be the subject of subse-
quent papers.
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We present an extension of the method of discrete momentum representation to the calculation of elastic
clectron scattering from polar molecules. The essence of this method is the subtraction of the first Born term
from the Lippmann-Schwinger equation, which is solved for a modified interaction potential from which the
long-range part is removed. Forward scattering is described in the first Born approximation. The use of this
method is demonstrated for electron scattering from the H,O molecule in the static-exchange approximation.
The results are in good agreement with former calculations as well as with experiments.

PACS number(s): 34.80.Bm

I. INTRODUCTION

The method of discrete momentum representation (DMR)
was originally developed by Polasek et al. [1] for calculating
the differential and integral cross sections of the nonresonant
elastic electron-molecule scattering. It belongs to the group
of methods based on the solution of the Lippmann-
Schwinger equation in momentum space. A similar, but nu-
merically different approach was used by McCarthy and
Stelbovics [2] and Bray and Stelbovics [3] for atoms and by
McCarthy and Rossi [4,5] for diatomic molecules. In Ref.
[1], as well as in this paper, larger molecules are treated. The
Hartree-Fock wave function was used for the molecule, and
the scattered electron wave function was composed of plane
waves, which are the natural basis of scattering processes.
The static-exchange approximation was employed to evalu-
ate the T matrix. Although this method is quite simple, it
provided good results for the clastic electron scattering on
hydrogen and methane molecules. However, the straightfor-
ward extension of this theory to polar targets is not possible
because the dipole potential influences the incoming electron
even at a long distance from the target. This long-range po-
tential causes infinite values for the diagonal matrix elements
of the Coulomb terms, i.c., those corresponding to the zero-
momentum-transfer vector, making any further treatment of
the interaction potential matrix impossible. Moreover, the
problem with the dipole moment complicates not only the
calculation of the elastic scattering of polar molecules, but
also the calculation of inelastic scattering processes. Elec-
tronically excited states are often polar, even for molecules
with a nonpolar ground state, and some vibrational modes
give risc to polar molecular structures even when the target
molecule has a zero dipole moment at its equilibrium geom-
etry. This means that the original version of DMR cannot be
applied to inelastic-scattering calculations.

Several papers describe methods for calculating elastic

*Corresponding author. Email address: carsky@jh-inst.cas.cz

1050-2947/2000/62(3)/032703(7)/$15.00
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scattering by dipole potentials analytically [6,7]. Unfortu-
nately, analytical methods cannot be employed in calcula-
tions of scattering on molecular potentials; their short-range
parts are too complicated. Similarly, even the two-potential
formalism (see, e.g., Joachain [8]), where the dipole scatter-
ing is solved analytically and the rest is calculated in the
basis of dipole-scattering eigenfunctions, seems to be too
complicated for our case. To avoid these problems, we have
developed a simpler formalism, one that is easier to apply
computationally. It is based on the fact that differential cross
sections as well as scattering amplitudes tend to their first
Born approximations in the limit of forward scattering. This
limit was recognized by Mittleman and von Holdt [6] and
later used by other authors in the development of Born clo-
sure methods [9—15]. In these methods, the partial-wave ex-
pansion is truncated at some certain quantum number, and
the contribution of higher partial waves is expressed in terms
of the first Born approximation. In the older studies [9-13],
this approach was applied directly to the differential cross
section, while in the more recent ones [14,15] it is the scat-
tering amplitude that is expressed in this way. Similarly, in
our method this approximation is also applied to the scatter-
ing amplitude, but in a different way. Since no partial-wave
expansion is used in this method, the scattering amplitude for
low angles can be directly replaced by its first Born counter-
part, and we can concentrate on calculating large-angle scat-
tering only. Since large-angle scattering is controlled by the
short-range part of the interaction potential, we may use a
truncated potential, one in which the long-range part is cut
off by a rapidly decreasing function (e.g., by an exponential
function with a negative exponent). Thus the truncation of
the partial-wave expansion is replaced by the truncation of
the interaction potential. Altogether, it means that we can
calculate the scattering amplitude with the subtracted first
Born term and the truncated potential, and then we can sim-
ply add back the first Born amplitude.

The theoretical background of the proposed method 1s
given in Scc. 11, and Scc. III describes computational details.
Section [V continues with results for our calculations of the
differential and momentum-transfer cross sections for H,0,
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followed by a comparison of these results with some other
theoretical results and with experimental data.

II. THEORY
A. Overview of the DMR method

The DMR method is discussed in detail in Ref. [1] and
only a brief summary is given here. An extension of the
treatment to polar molecules is described below. As in Ref.
[1], all the quantities in the following equations are in atomic
units.

The basic equation of the scattering problem is the
Lippmann-Schwinger (LS) equation:

|>(\

)=l [ Pl ) )

In the DMR method, Eq. (1) is solved to obtain matrix ele-
ments of the T operator for all combinations of wave vectors
of the incoming and outgoing waves with magnitude

ko= \"IE, (2)

where E is the energy of the incident electron. To perform
this, we transform the equation to the form

(k' Ulk) (k| T ko}

(¢ )= Uk + [ ok

The integral on the right-hand side of Eq. (3) can be formally
evaluated in the form of its principal value and a residue:

[ K1

ko—k>+ie

_ Pk’ |U|k><leIko)
PJ“ dkLﬁdQ,,

—kP+ie

”rl‘“f dQ (K| U ko) (ol Tk}, (4)

In this equation, £ is a solid angle in k space. From Eq. (4)
we can obtain the T-matrix element for any pair of incoming
and outgoing wave vectors from the continuous momentum
space, but we must know all the corresponding U elements,
defined as twice the interaction potential F(U=2V) ele-
ments. The analytical solution of Eq. (4) is not accessible.
Therefore we transformed it into matrix form, discretizing
the integral by means of quadrature in both the radial and
angular subspaces. The former is composed of the abscissas
of Gauss-Legendre integration quadrature after transforma-
tion of the integration interval (k.. onto the interval
(—1, 1) (kpyin is @ number close to zero and &, is a cutoff
value; see Ref. [1]) by the following substitution

PHYSICAL REVIEW A 62 032703

a(k—k

h(k+ko)
where a and b are constants. The latter is a Lebedev integra-
tion quadrature [16] of a given order. Radial quadrature also
contains the residue point, which corresponds to the energy
of the incident electron.

This discretization provides the LS equation in the matrix
form

T=U+UG, T, (6)

where Gy is the matrix of the Green’s function in the
discrete-momentum representation. Because of a typographi-
cal error in Ref. [1], we repeat the definition of its elements
in this paper:

(Gg ) gjpi=—Bpduimwiko/2 for p=0,  (7a)
G 5 5 2abw w,lc,,ko . 20
P —_—— 5 T .
( ﬂ)(u.p? an i — b,\l,) “‘n"kp) or p
(7b)

In these equations, p=0 when k,=k, and x, is defined by
Eq. (5). Equation (6) can be easily solved for the T matrix

T=(1-UGy) 'U. (8)

Once the T matrix is known, we can calculate the scattering
amplitude and differential cross section for those pairs of k
vectors that are present in the angular quadrature,

1
A== 3| TIK), ©)
k]
=l (10)

The determination of the scattering amplitudes for differ-
ent pairs of vectors as well as the averaging over the molecu-
lar orientation is described in detail in Sec. IID.

Once the differential cross section is calculated, we can
calculate the integral and momentum-transfer cross sections:

Tinf= J'no(ﬂ)dﬂ, (11)

o'm[:j a()[1—cos(9)]dQ, (12)
Q

where @ is the scattering angle and {1 represents the integra-
tion angles.

B. Construction of the optical potential

The optical potential represents the interaction between
the incident electron and the target molecule. Its construction
allows us to describe the electron-molecule collision as a
one-clectron process. Its form for the DMR method [1] in the
static-exchange approximation consists of the static part (in
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Ref. [1], the factor 4 7/K? is also erroncously applied to the
Coulombic term, but the computer code is free of this error)

(k| Vs

4 .
k)= — FE ZexpliK-Ry)
A

k2,3>» (13)

/ 1
+> P, <k al—
@B A 12 |

and the exchange part

1 1
(kilVille)=—3 2 Puﬁ<k1a r?‘ plo). (4

2 '
Here @ and B8 denote the basis-set functions, P, are the
density-matrix elements, K=k, —k, is the momentum-
transfer vector, Z ; is the nuclear charge of the nucleus 4, and
R, is its position vector. Methods for calculating the Cou-
lomb and exchange integrals that occur in Egs. (13) and (14)
are described in detail in [17].

C. Modification of DMR for polar targets

The problem of the dipole singularity originates from the
static potential. As we showed in Ref. [1], by integration
over r, the matrix element can be expressed as

47 K
(k| Vslks) = ra _[ e™p(r)dr, (15)

where the total charge density (nuclear plus electronic) is
defined as

p(r):,g Z,4S<rfRA)+22’ len)2. (16)

The symbol ¢; stands for all occupied spatial orbitals. Using
the Taylor expansion for the exponential in Eq. (15) we ob-
tain

(K-r)?

k| Vslk _4ﬂ'f 1+iK
(k| V] 2)‘@ +iK-r—

K’
"6

+-+ [ p(r)dr. (17

The first term on the right-hand side of Eq. (17) represents
integration over the total charge density, and it therefore van-
ishes for neutral molecules. The second term corresponds to
the electron-permanent dipole interaction. It is obvious that
this term tends to infinity in the forward direction, i.e., when
K—0. All other terms of the static part of the U element in
Eq. (17) are finite. Therefore the dipole term is a leading
term in the forward direction. As we mentioned above, this
singularity is caused by the long-range part of the interaction
potential and does not influence significantly scattering to
larger angles. Morcover, the scattering amplitude tends to its
first Born approximation in the forward direction (see, e.g.,
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Ref. [6]). For these reasons, we introduce an approximate
theory involving a modified potential from which the long-
range part is removed.

Consequently, we propose a method for the solution of
the LS equation in which the first Born term is subtracted. Tt
is derived from Eq. (6) in the following simple way:

T=U+UG; T,
T-U=UG, T=UG; (T-U+U)=UG, U+ UG{ (T—U),
T-U=(1-UG;) UG, U. (18)

In general, we can derive a whole class of such equations,
subtracting more than one Born term:

T—B,——B,=(1-UG}) 'B,.,, (19)

where B, denotes the nth Born term. For our practical pur-
pose, however, Eq. (18) is the most suitable. The potential of
a polar molecule consists of the dipole part Up and the short-
range part. For the purpose of the solution of Eq. (18), we
construct a modified dipole potential U, of the form

D-r
U, (r)=Up(r)e” =2 e (20)

and use it instead of the dipole potential Uy, (D is the dipole
moment). The factor 2 arises from the difference between U
and V' potentials (U=2F). Whereas the Up clement of the
unmodified dipole potential is

87iK-D

(ky|Uplka)= % (21)
the element of U, is
8miK-D ¢ K
(k| U, k)= —g7 |1 garctan 7] (22)

Obviously, this element is analytical over the whole momen-
tum space, including the origin of the coordinate system, for
which its limit as K— 0 is vanishing, Having obtained U, ,
we substitute it for the dipole potential U/,,, which may be
identified with the second term on the right-hand side of Eq.
(17). The U potential so prepared is then used for the “‘sub-
tracted”” LS equation (18). Its solution may be viewed as
integration of singular functions ignoring the singularity
[18]. Although this method must be used with caution in
some cases, it can provide reasonable results. Then, for the
elements with nonzero K, we evaluate the first Born term as
it is done for nonpolar targets [1], and we add them to the
solution of Eq. (18) to obtain the complete T matrix.

This approach is similar to the method of Rescigno et al.
[14] and Gianturco and Scialla [19]. They also divided the
scattering amplitude into the first Born term and the rest. The
latter part is expressed in the form of a truncated partial-
wave expansion in which the short-range potential plays the
dominant role. This part is especially important in the larger-
angle directions. The long-range part, on the other hand, is
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described by the first Born term and is dominant in the low-
angle directions. We do not truncate the partial-wave series,
but the potential itself.

Next, we comment on the form of the U,, potential. The
smaller the constant ¢, the more accurate the result we can
obtain because the modified potential U,, approximates bet-
ter the dipole potential. However, our grid consists of a finite
number of k vectors. Hence for a sufficiently small value of
the constant ¢, the U,, elements are practically indistinguish-
able from the U, clements for all pairs of k vectors present
in our grid that have a nonzero difference. Differences be-
tween U,, and U elements occur only for K vectors too
small to be resolved by our grid vectors. Therefore we use
Uj elements instead of U, elements for all pairs of grid
vectors with K different from zero, and for K= 0 we set the
element to zero. Potential elements evaluated in this way
correspond to elements of the U, potential with an ex-
tremely small ¢. (It should be mentioned that the function
e~ is not the only possibility for the cutoff function. Many
functions that decrease rapidly at large distances and are
equal to 1 at the origin might be used. The present choice
was done mainly for mathematical convenience.)

When the conclusions of the preceding paragraph are ap-
plied, the computational procedure can be simplified consid-
crably. The Uy elements are evaluated by means of Eq. (17)
for all pairs of k vectors with K+ 0, just as they are done for
nonpolar targets. Thus the second (dipole) term in Eq. (17) is
kept without change. For K=0, however, only the third
(quadrupole) term in Eq. (17) is kept, since the dipole term is
omitted (as explained in the preceding paragraph) and the
other terms are equal to zero. Thus the singularity in the
forward scattering is eliminated by this construction of the
potential elements. Equation (18) can be rearranged back to
the form of Eq. (8), as it is no longer necessary to subtract
the singular part of the potential elements. Physically mean-
ingful scattering amplitudes are obtained for nonzero scatter-
ing angles. The results for the water molecule were obtained
in this way.

D. Averaging over the molecular orientation

A basic method of molecular-orientation averaging was
described in [1]. In this technique, many pairs of k vectors
are constructed for every scattering angle, distributing their
endpoints on a circle of a given radius around cach quadra-
ture point. Although this method provides reliable results, its
disadvantage is that it requires a large computational effort
and therefore enormous demands on computer time. To cope
with this problem we suggest an alternative method based on
the same principle but using the calculated matrix elements
more efficiently.

In this alternative method, a set of randomly oriented vec-
tors of magnitude |ky| is generated using a random-number
generator. New T elements are calculated for every pair of
the vectors using the following equations:

PHYSICAL REVIEW A 62 032703

Tm;n = Um,n + E ‘Umj(G{T )jTj.ir . (24)
7

In these equations, the indices 7,7 correspond to the original
quadrature vectors, while m,n denote the newly generated
random vectors. Hence we need to evaluate the rectangle
matrix U, , (and its complex conjugate U, ;) and the square
matrix U, ,. After the evaluation of the additional T ele-
ments, all the pairs of the new vectors are sorted according to
the angle between them into the intervals of a given length,
c.g., 1°. Scattering amplitudes and corresponding differential
cross sections are determined for these pairs and averaged
within every interval. The averaged value is then considered
as the value of the differential cross section at the middle
point of the given interval.

Thus the values of the differential cross sections are ob-
tained for many points over the interval [0°, 180°]. The more
random vectors we generate, the smoother is the curve
formed by the calculated points. Its smoothness can be fur-
ther improved by expanding the individual averaging inter-
vals, since more vectors are averaged in each interval. How-
ever, when the differential cross section changes rapidly over
a short range of angles, structure can be lost in the averaging
procedure if the intervals are too long. Although it is possible
in principle to use a large number of random vectors and so
produce very smooth curves, this technique would be very
costly. Therefore it is more efficient to use only some of the
vectors, e.2., one in ten, and to construct the curve by fitting
with cubic splines.

Another problem with this method arises from the fact
that the number of pairs of random vectors in every interval
is proportional to the sine of the angle corresponding to the
interval (e.g., its middle point). Due to this proportionality,
the highest number of pairs occurs in the intervals around
90°, while in the intervals around 0° and 180° the number of
pairs is markedly smaller. Therefore in these sparse areas the
cross section must be extrapolated from the adjoining inter-
vals. Nevertheless, when calculating polar molecules there
are no problems with the region close to 0°, because here the
cross section diverges, and we do not calculate values in this
region at all. A different and more efficient averaging
method based on the decomposition of the T element in the
basis of spherical harmonic functions is presently being de-
veloped in our group.

111. COMPUTATIONAL DETAILS

All calculations for the water molecule were performed in
its optimized geometry at the Hartree-Fock level using
Sadlej’s TZV basis set [20]. The value of the dipole moment
for the SCF-optimized geometry in this basis set is 0.8060
a.u., which is slightly overestimated in comparison with the
experimental value of 0.724 a.u. [21]. The basis set and the
obtained molecular-orbital density matrix were transferred
into the DMR program to compute Coulomb and exchange
integrals by means of Eqgs. (13) and (14). The numerical
quadrature used for the integration of the Lippmann-

T,,H:E [(1-UG) ™ "1,,U,.» (23)  Schwinger cquation consisted of a radial part formed by a
j Gauss-Legendre quadrature transformed to the integration
032703-4
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FIG. 1. Differential cross sections for the pure dipole potential
(1 au.) for different values of the constant c. Dotted line, c=0.1;
dot-dashed line, ¢ =0.05; dashed line, ¢=0.01, solid line, c¢=0.

interval (see Sec. ITA) and an angular part consisting of the
points of Lebedev quadrature [16]. Radial quadratures with
19, 21, and 23 points and angular quadratures with 50, 86,
and 110 points were used in individual calculations to dem-
onstrate the convergence in both dimensions. In the averag-
ing procedure, 1000 random vectors were generated and the
averaging-interval length was set to 1°.

IV. RESULTS AND DISCUSSION

As the results of our method depend on the constant ¢ [see
Egs. (20) and (22)], we first tested the convergence of the
cross section with respect to this constant. For this purpose,
the elastic electron scattering on the dipole potential (dipole
moment of 1 a.u.) was calculated. The differential cross sec-
tions for several values of ¢ are presented in Fig. 1. The

N g &
o =} =]

=)

Differential cross section (A%/sr)

600 900 1200
Scattering angle (deg)

00
0.0 30.0

150.0 180.0

FIG. 2. Differential cross sections of the elastic electron scatter-
ing on H,O for 6 eV (convergence with respect to the angular
quadrature, the number of radial points in all calculations is 23).
Long-dashed line, 50 angular points; dashed line, 86 angular points;
solid line, 110 angular points.
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FIG. 3. Differential cross sections of the clastic electron scatter-
ing on H,O for 20 eV (convergence with respect to the angular
quadrature, the number of radial points in all calculations is 23).
Long-dashed line, 50 angular points; dashed line, 86 angular points;
solid line, 110 angular points,

values apparently converge to the limiting value ¢ =0, as was
explained in Sec. II C. Hence in practice it is not necessary to
restrict the long-range potential by the exponential function
since it is done automatically by the discrete integration grid
in the k space.

Making use of this fact, we developed a remarkably
simple method of using the modified dipole potential. For
each pair of k vectors with K+ 0 the value of the unmodified
interaction potential is used, and for K=0 its dipole part in
Eq. (17) is set to zero. We used this method to calculate
differential and momentum-transfer cross sections of elastic
electron scattering from the H,O molecule in the static-

f
1)

30 -

2.0

Ditferential cross section (A%sr)

0.0 30.0 60.0

900 1200
Scattering angle (deg)

150.0 180.0

FIG. 4. Differential cross sections of the elastic electron scatter-
ing on H,O for 6 eV. Solid line, present results; long-dashed line,
calculations by Brescansin ef al. [22]; dashed line, calculations by
Gianturco and Scialla [19]; +, experiment by Shyn and Cho [23];
X, experiment by Danjo and Nishimura [24].

032703-5

192



INGR, POLASEK, CARSKY, AND HORACEK

@
o

2

Differential cross section (A’/sr)

20 ¢

0.0 ' -
0.0 30.0 60.0 90.0 120.0

Scattering angle (deg)

150.0 180.0

FIG. 5. Differential cross sections of the elastic electron scatter-
ing on H,O for 10 eV. For the description of the individual curves
see Fig. 4.

exchange approximation for incident electron energies from
2 to 20 eV. The convergence studies were performed for all
combinations of three radial (19, 21, 23 points) and three
angular Lebedev quadratures (50, 86, 110 points). The cal-
culation is remarkably stable with respect to the change in
the radial quadrature. The corresponding curves are, in fact,
identical, and therefore not shown. The angular convergence
is demonstrated in Figs. 2 and 3 for 6 and 20 ¢V, respec-
tively. The angular quadrature with 50 points is apparently
insufficient, but the two higher ones provide good conver-
gence. Identical convergence tests were also performed for
energies of 10 and 15 eV with analogous results (not shown).
Differential cross sections for 6, 10, 15, and 20 €V are shown
in Figs. 4-7 together with the results of Brescansin ef al.
[22] and Gianturco and Scialla [19], also performed in the
static-exchange approximation, and with two sets of experi-
mental values by Shyn and Cho [23] and Danjo and Nish-

w
o

o
o

Differential cross section (Azfsr)

0.0
0.0 30.0 60.0 90.0 120.0

Scattering angle (deg)

150.0 180.0

FIG. 6. Differential cross sections of the elastic electron scatter-
ing on H,O for 15 eV. For the description of the individual curves
see Fig. 4.
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FIG. 7. Differential cross sections of the elastic electron scatter-
ing on H,O for 20 eV. For the description of the individual curves
see Fig. 4.

imura [24]. These results are also tabulated in Table 1. The
agreement with previous theoretical results seems to be sat-
isfactory. Our results are closer to those of Brescansin ef al.
[22], which may be explained by the rather different ap-
proach that was used in the calculations of Gianturco and
Scialla [19]. The experimental data are also reproduced rela-
tively well, although only the static-exchange approximation
is used. Calculations for energies lower than 2 eV were not
attempted since the use of the static-exchange approximation
is not justifiable in this region.

Momentum-transfer cross sections were calculated using
Eq. (12). Only the values of differential cross sections from

TABLE I. Differential cross sections for elastic electron scatter-
ing on H,O for electron energies of 6, 10, 15, and 20 eV.

DCS (A%sr)

Scattering angle

(deg) 6 eV 10 eV 15 eV 20 eV
25 4.05 3.30 332 3.16
30 3.14 2.64 2.73 2.61
40 1.91 1.70 1.75 1.65
50 1.40 1.24 1.16 1.04
60 .11 1.00 0.85 0.72
70 0.91 0.83 0.65 0.52
80 0.72 0.67 0.53 0.41
90 0.56 0.53 0.43 0.34

100 0.42 0.40 0.35 0.29
110 0.30 0.29 0.30 0.26
120 0.23 0.25 0.31 0.28
130 0.22 0.30 0.40 0.37
140 0.27 0.47 0.60 0.55
150 0.35 0.69 0.86 0.78
160 0.44 0.92 1.13 1.02
170 0.51 1.07 131 1.18
180 0.54 1.15 1.41 1.28
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FIG. 8. Integral cross sections for the elastic electron scattering
on H,0. Solid line, present results; dotted line, calculation by Bres-
cansin et al. [22]; dashed line, calculation by Gianturco and Scialla
[19]; +, experiment by Shyn and Cho [23]; X, experiment by
Danjo and Nishimura [24].

25° to 180° are taken into account for two reasons. The data
for lower angles are not reliable, and they contribute negli-
gibly to the integral. The result is plotted in Fig. 8 together
with other theoretical [19,22] and experimental [23,24] re-
sults, and it is tabulated in Table TI. Our curve agrees better
with the one from Ref. [22] than with that from Ref. [19] for
the reasons discussed above. Both experimental results
[23,24] show the maximum in the energy range of 10—15
eV. A more precise statement cannot be given because only
a few experimental points are available in both studies (see
Fig. 8). However, this feature is qualitatively reproduced by
our calculation; the absolute values lie between the two ex-
periments. We can conclude that both the calculations of
differential and integral cross sections provide reliable re-
sults in the investigated energy region.

PHYSICAL REVIEW A 62 032703

TABLE II. Integral cross sections for elastic electron scattering
on H,0.

Energy 1CS Energy 1CS

(V) (A% (eV) (A?)

2 9.82 12 7.57

3 7.68 13 7.61

4 6.30 14 7.56

5 6.08 15 7.45

6 6.16 16 7.30

7 6.32 17 7.12

8 6.56 18 6.93

9 6.85 19 6.74

10 7.15 20 6.55
11 7.40

V. CONCLUSIONS

We have extended the original DMR method [1] to the
calculation of elastic clectron-molecule-scattering cross sec-
tions for polar targets. Although the method is remarkably
simple, it provides good results for intermediate scattering
energies, as was demonstrated by the example of the H,O
molecule. Moreover, this method is not excessively time
consuming, so it may be applied to scattering calculations for
larger molecules. An alternative algorithm for averaging the
result over the molecular orientation was introduced, which
is based on the same principle as the former one [1] but is
more efficient. With the planned addition of polarization
terms to the optical potential, the DMR method seems to
have the potential to be very promising as a powerful tool in
the field of scattering calculations.
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Abstract. Calculations of resonance energies and widths of the X ZE\T state of F; were carried
out. Configuration interaction was used to solve the Schrodinger equation for a molecular electronic
Hamiltonian augmented by a complex absorbing potential (CAP/CI). Several technical aspects of
this method are briefly discussed. The crossing point of the anionic curve of this state with the
ground state of F5 is determined as the point where the resonance width vanishes. Based on this,
the electron affinity of atomic fluorine is reproduced with satisfactory precision. Finally, our results
are compared to those of several preceding studies and an outlook to further continuation of this
project is given.

1. Introduction

The use of complex absorbing potentials (CAPs) for calculating resonance states was
introduced by Jolicard and Austin [1,2], who applied it to the Hazi-Taylor model. Riss
and Meyer [3] provided a detailed mathematical investigation on the performance of the
CAP method and applied it to electron-molecule resonances. In the following the method
of complex absorbing potentials is combined with configuration interaction (CI). The method,
denoted CAP/CI, has been used previously to calculate several resonance states of different
molecular anions, such as C%’ [4] and N5 [5], and for a description of auto-ionizing (Auger)
decay of (HF)] clusters [6].

In the present work we use the CAP/CI method to calculate the resonance energy and width
for abroad range of internuclear distances of the F, anion. There are several motivations for this
work. First, we want to demonstrate the capability of the CAP/CI method to provide a reliable
dependence of the resonance energy and width on the internuclear coordinate. Secondly, all
the preceding calculations on the F; > £ state are relatively old, and the methods applied could
probably be insufficient for describing the correlation effects on this system [7-9]. Moreover,
these results differ markedly from each other and provide rather unreliable predictions of the
crossing point of the potential energy curve of this resonance state with the curve of the ground
state of a neutral F, molecule, which is the point where the resonance becomes a bound state.
Our aim is to provide more accurate results. Thirdly, in order to perform dynamical studies on
the system one needs the resonance parameters as input for the calculations. Finally, we intend
to carry out a more extensive study on the F; system including some of its excited states. The
present results serve as a test for these calculations.

0953-4075/99/000001+10$19.50  © 1999 IOP Publishing Ltd L1
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2. Computational details

Using the CAP method one solves the Schrodinger equation for a modified Hamiltonian H ()
which is the sum of the system Hamiltonian H and the CAP,

H() = H —inW. 1)

Here 7 is a positive parameter and W a (in general positive) potential function which vanishes
in some region close to the molecule but increases in the outer region. It was shown in [3] that
each eigenvalue that stabilizes in the complex plane with respect to variations of the n parameter
corresponds to a complex energy E,. of a Siegert state. These energies are characterized by
their resonance position E and width T,

Ewes = E — lr/z (2)

(Note that the resonance lifetime 7 is related to the width through v = %/T".) Stabilization
of the complex eigenvalue with respect to n is obtained if there is a pronounced minimum of
1|9 Eres/d7]|. In the present study the same kind of CAP is used as that introduced in the work
of Santra et al [6], who investigated the resonant decay of molecular cluster cations. The CAP
is constructed as a sum of one-electron potentials, which are further decomposed into three
one-dimensional terms depending on only one Cartesian coordinate of a given electron:

W=> [Wx)+W()+ Wzl (3)

n

i=l1

where n is the number of electrons. The one-dimensional potential has the following form:
W) = (4?00 + ) + (i — ) 0(x — ) @

and analogously for y; and z;. Here 6 denotes Heaviside’s step function. The one-electron
potential thus vanishes inside a box defined by constants ¢,, ¢,, ¢, and outside this box it grows
quadratically. Since F; is a cylindrically symmetrical system, we have defined the CAP box
by cx = ¢, = cand ¢c; = R/2+ ¢, where R is the internuclear distance. The CAP is thus
specified by two parameters, 17 and c. We consider an eigenvalue to correspond to a genuine
resonance state if it is stable with respect to variations of both 1 and c.

The wavefunction of our system is constructed as a multi-reference configuration-
interaction (MRCI) wavefunction. The spin-orbitals for the construction of the configuration
state functions (CSF) are taken from a CASSCEF calculation on the neutral fluorine molecule.
The configuration space is equivalent to that used by Blomberg and Siegbahn in a calculation
denoted as MC 178 [11]. A similar technique was used by Sommerfeld et al for N, [5]. The
reference configurations are chosen in the following manner: in every reference configuration
the nine lowest orbitals are doubly occupied and the additional 19th electron occupies one
of the other orbitals of ¢, symmetry. The 1s ¢ orbitals are frozen, i.e. none of the four core
electrons can be excited. Only singly and doubly excited CSFs with respect to the reference
configurations are used in the expansion and, additionally, we require that at least 14 active
electrons occupy a specified set of lowest orbitals. This set is called the target set, whereas
the remaining orbitals form the so-called continuum set. Hence at most one electron can be
excited to an orbital of the continuum set. This selection procedure makes our configuration
space conveniently small (see [5] for more details).

The atomic orbital basis set used in our calculation consists of two parts. One part,
which describes the inner region of the wavefunction, is the standard Dunning basis set
(10s6p/5s4p) for a fluorine atom [10] augmented by two uncontracted d functions and one
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Table 1. List of the diffuse parts of employed basis sets. The inner part is the same for all the
calculations (Dunning basis, not listed, see text). Basis sets denoted ‘B’ are larger by two s and
one p functions than those denoted ‘A’

Basis set  Types and exponents of basis functions ~ Region of use

Al s 026416 p: 0.09100 2.28-2.30 au
0.10804 0.06300
0.058 37 0.03800
0.038 00
0.03000
0.023 00
0.018 00
0.01400

A2 s: 0.26416 p: 0.08989 2.30-232au
0.108 04 0.06000
0.05837 0.03500
0.036480
0.027 000
0.020 000
0.014 000
0.011000

A3 st 026416 p:  0.08989 2.32-238au
0.10804 0.05561
0.05837 0.03000
0.036 480
0.024938
0.018119
0.012000
0.008 000

A4 st 023775 p: 0.08090 2.38-2.40 au
0.097236 0.050050
0.052535 0.027000
0.032832
0.022444
0.016 307
0.009 000
0.005 400

uncontracted f function, with exponents equivalent to those of basis B in [11] (i.e. 3.14
and 0.81 au for the d-function and 1.8 au for the f-function). The other part, describing
the continuum component of the wavefunction, is composed of several uncontracted diffuse
functions of s- and p-type. All functions are centred on the fluorine atoms. The diffuse
functions must be adapted to the particular wavefunction, which is why they are different for
different internuclear distances. Table 1 contains a list of the diffuse parts of the basis sets
applied in our calculations.

We have also performed calculations including one additional diffuse d-function on each
centre. The results were very insensitive to the inclusion of the additional function, and all the
calculations reported below are without it.

As was demonstrated in [3], the unwanted influence of the CAP on the wavefunction can
be partially removed using the first-order correction. In fact, this allows us to use a narrower
CAP box, which is especially important in cases where the resonance width and the energy of
the outgoing electron is small. These cases require larger CAP boxes, and it is more difficult
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Table 1. Continued.

Basis set  Types and exponents of basis functions  Region of use

Bl s 027500 p: 0.08090 2.40-2.45 au
0.23775 0.050050
0.097236 0.027000
0.052535 0.015 000
0.032832
0.022 444
0.016307
0.009 000
0.005 400
0.003 000

B2 st 0.27500 p: 0.08090 2.45-2.57 au
0.23775 0.048 500
0.097 236 0.024 000
0.052535 0.012 000
0.032832
0.021700
0.015 100
0.008 250
0.005 000
0.002 600

to reach a stabilization of the complex energy without correction, often it is not possible at all.
‘We used the correction for internuclear distances larger than 2.45 au.

One must be aware of numerical artefacts which may occur in CAP/CI calculations. They

may cause the 7-trajectories (i.e. the trajectories, along which the complex eigenvalues move
in the complex plane when 7 is increased) to exhibit spurious stabilizations. Hence, one must
carefully check each stabilization point to ensure its correctness. Here we describe two typical
numerical artefacts.

(a) The spectrum of the CAP-augmented Hamiltonian consists of the resonance eigenvalues

and of states describing a discretized continuum. In an exact calculation (i.e. using a
complete basis set) the continuum states do not stabilize, but move monotonically deeper
into the complex plane when 5 is increased. However, in a finite basis calculation the
situation is different. The eigenvalues of the discretized continuum follow the supposed
trend only for those values of the n-parameter for which the basis set is sufficient for the
description of the corresponding wavefunction. The basis set truncation error may compel
the n-trajectories to change their direction quite rapidly, falsely indicating a stabilization.
Fortunately, these artificial stabilizations are unstable with respect to the CAP box size
and can be rather easily distinguished from genuine resonances.

(b) Another problem can appear when a state from the discretized continuum spectrum lies

in the complex plane close to the resonance state. This again may happen if the single-
particle basis set is inappropriate. Provided that both states have the same symmetry,
they may influence one another in a manner similar to the well known scenario of an
avoided crossing of two eigenstates of a real Hamiltonian. Due to this phenomenon the
resonance eigenvalue is shifted from its proper location, with deterioration mainly in the
more sensitive imaginary part. Recognition of this artefact is more troublesome than in
the former case. We observed the following behaviour of eigenvalues influenced by this
artefact. The n-trajectory follows a rather complicated path in the complex plane and
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shows more than one point of stabilization. The quality of stabilization is generally worse
than that of resonances which are not influenced by a nearby continuum state. This effect
is basis set dependent and, therefore, it can be identified by performing the calculation in
another basis set.

3. Results and discussion

Figure 1(a) shows a sketch of the potential curves of the F, X ZE;’ state (full curve) and the
neutral 1)3;{ ground state (dotted curve). F, is electronically stable for internuclear distances
larger than 2.6 au. At smaller distances, however, the energy of the ionic state is above the

energy of the neutral species and an electronic decay becomes possible. There, the ionic state
is thus turned into a resonance.

6.0 v " T
l—'7

4.0 - 1

2.0 -

0.0

Energy[eV]

0 4o 6.0 8.0 10.0

Internuclear distance [a.u.]

Energy[eV]
L]

225 230 235 240 2.45 2.50 255 260
Internuclear distance [a.u.]

Figure 1. (a) Potential energy curves of the X 22; state of F, (full curve) computed in this work
and the X IE; state of Fa2 (dotted curve) taken from [11]. () Individually computed resonance
energies (real parts) of the X 2 state of F; . The zero point of the energy scale is the energy of
two separated (neutral) F' atoms. The absolute energies are listed in table 3.
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Using the CAP/CI method we have calculated resonance energies and widths for several
internuclear distances between 2.28 and 2.57 au. For the smaller of these internuclear distances
the energy of the ionic state is about 5 eV above the crossing point of the F> and F; ground
states. This is thought to be sufficient for the description of the nuclear dynamics of the system
and, therefore, we did not continue our calculations below this limit. The upper limit originates
from the computational difficulties occurring above this value of internuclear distance. There,
both the kinetic energy of the outgoing electron and the width of the resonance become very
small and a pronounced stabilization is not obtained within the present basis sets. However, the
crossing point itself may be determined by extrapolation (see figure 2()). and the discussion

below). For internuclear distances larger than the crossing point inclusion of the CAP is, of
course, not necessary.
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0.30 .

0.20 1
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Figure 2. (@) Resonance width of the X 223 state of F, . Full circles, present results; crosses,
Lauderdale er al [8]; stars, Hazi et al [7]; diamonds, SEP results by Morgan and Noble [9]. (b)
Resonance width I' of the X l‘):“"' state of F, . The vicinity of the crossing point is detailed. Full
circles, calculated values; dotted line, extrapolation to I' = 0 via a linear fit to the last three points.
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As was already indicated above, it is in general impossible to perform the calculations over
a wide range of internuclear distances using a single one-particle basis set (unless this basis
set is very large). The exact resonance wavefunction diverges with increasing distance and it
does so more quickly for broader resonances. Since we are removing the divergent part of the
wavefunction by absorbing it with a CAP, it is obvious that for broader resonances a stronger
CAP (i.e. with smaller ¢ and larger 1) is needed. On the other hand, the wavefunction, which is
absorbed by a stronger CAP, is localized in a smaller area around the molecule. Therefore, for
broader resonances, which must be absorbed at smaller internuclear distances, a less diffuse
basis set is needed when compared to calculations on narrower resonances. To keep the basis
set size manageably small one is thus forced to use different basis sets for different internuclear
distances, each basis set being used on its own interval. The basis sets differ only in the diffuse
parts and, therefore, the influence on the energy should not be large. Unfortunately, this impact
of the basis set is not completely negligible, making the dependence of the resonance energy
on internuclear distance discontinuous. Therefore, we calculated the resonance energy in both
basis sets at all the border points of the above-mentioned intervals. Then we simply shifted
all the energy values in a given interval by the difference at the border point. As the basic
reference we took the basis set in which the (electronically) bound part of the potential energy
curve was calculated. After these shifts the dissociation curve became smooth, as is shown
in figure 1(a). The resonance energy of the QZ‘J state of F, is also depicted in figure 1(b),
showing the individually calculated points.

Table 2. Resonance widths at those internuclear distances where the calculation is performed in
two different basis sets. The internuclear distances are given in atomic units and the energies ineV.
For the basis-set notation see table 1.

Internuclear
distance Al A2 A3 A4 Bl B2

245 0.0331  0.0310
2.40 0.1099  0.1055

2.38 0.1637  0.1632

2.32 03917  0.3732

2.30 0.4564 04733

Within the different basis sets used, the resonance widths I" turned out to be surprisingly
independent of the basis set employed. This can be observed at the points where the calculation
was performed using two different basis sets. These points are listed in table 2. Making
allowances for the rather complex situation of correlating 15 active electrons, the differences
are considered as negligibly small. The dependence of the resonance width on the internuclear
distance is plotted in figure 2(a) where we compare our data with those of several other
investigations. As one can see, our resonance widths are smaller than those of the other
studies. However, a well pronounced tendency can be observed: the resonance widths decrease
systematically with the amount of correlation accounted for. The values of our calculated
resonance energies and widths are listed in table 3.

An important datum, which may indicate how accurate our results are, is the point where
the resonance is turned into a bound state. This point corresponds to the crossing point of the
potential energy curve of the ionic state with that of the ground state of the neutral F, molecule,
because beyond this point there is no final state to which the resonance could decay. We have
determined this point in two ways. The first way is to extrapolate the resonance width to its zero
value. A linear extrapolation performed using the last three points (see figure 2(b)) indicates
a crossing point at an internuclear distance of about 2.60 au. Because of the neglect of the
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Table 3. List of the calculated resonance energies and widths. The resonance energy (fourth
column) is the energy difference between those of the X 2 EJ F, and X 1 E; F; states.

Internuclear Energy (au) Resonance
distance (au)  + 198 au Width (eV)  energy (eV)
2.57 —0.9322 0.00299 0.5757
2.56 —0.9278 0.00381 0.6844
2.55 —0.9233 0.004 89 0.7945
2.54 —0.9187 0.00582 0.9060
2.53 —0.9140 0.007 62 1.0189
2.52 —0.9091 0.00887 1.1356
2.51 —0.9042 0.01034 1.2509
2.50 —0.8982 0.01224 1.3945
248 —0.8888 0.01850 1.6061
2.47 —0.8835 0.02122 1.7256
2.45 —0.8726 0.03373 1.9674
2.44 —0.8670 0.03971 2.0898
242 —0.8557 0.065 82 2.3319
2.40 —0.8445 0.10554 2.6011
2.38 —0.8338 0.16320 2.7744
2.36 —0.8193 0.22195 3.0790
234 —0.8065 0.29376 3.3263
232 —0.7928 0.37318 3.5855
2.30 —0.7783 045642 3.8518
2.28 —0.7631 0.57120 4.1216

curvature of this curve there is an extrapolation error and the true crossing point is expected to
lie at a slightly larger internuclear distance. Therefore, we can consider this value as a lower
limit for the location of the crossing point.

The second, more accurate determination of the crossing point makes use of the Wigner
threshold law, which states that

['(R(E)) =: T(E) ~ E™/? (5)

holds for low energies. Here E denotes the energy difference between the ionic and neutral
states, and R (FE) is the inverse function of the dependence of this difference on the internuclear
distance. The symbol / denotes the orbital angular momentum of the outgoing electron. Since
in the present case the outgoing electron is of p-symmetry, the exponent is % The form of the
thus evaluated curve I' (E) varies considerably when the potential energy curves of the ionic
and neutral states are shifted vertically with respect to each other. Shifting the curves such that
the expected £ behaviour is obeyed for low energies (see figure 3) allows us to determine
the crossing point very sensitively. The thus predicted crossing point is located at 2.623 au.
We did not recompute the potential energy curve of the ground state F;, but rather took
the curve (MC 178/basis B) computed by Blomberg and Siegbahn [11], which corresponds
well with the experimental values for the equilibrium distance and dissociation energy.
Knowing the location of the crossing point, one can immediately determine an important
experimentally observable property, the electron affinity of atomic fluorine. The calculation
of this well known quantity provides a very useful check on the correctness of our method.
Since the location of the crossing point also determines the relative vertical position of the
two potential energy curves one can determine the electron affinity of atomic fluorine as the
energy difference for large R where the molecule and molecular ion can be considered as
being dissociated. The thus determined electron affinity of a fluorine atom is 3.54 eV, whereas
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Figure 3. The full circles depict the resonance width I" versus the resonance energy (the latter with
respect to the neutral state). Dotted curve represents a curve I" ~ E32,

the experimental value is 3.4012 eV [12]. This means that the error of our calculation is 4%,
which is a striking level of precision for this kind of calculation. Itis well known that it is very
difficult to achieve the same level of correlation in independent calculations on F, and F; .
Therefore, it is almost impossible to localize the potential energy curves correctly with respect
to each other when one has at ones disposal only the two curves obtained from independent
calculations. This indeed makes the information on the crossing point very valuable.

The very reasonable agreement of our predicted electron affinity with its experimental
value is a strong argument for the accuracy and reliability of the CAP/CI method. Moreover,
the described procedure provides the location of a crossing point in a systematic way, and
does not rely on coincidental cancellations of correlation errors. This procedure should also
be applicable to other systems.

4. Conclusions

In this paper we demonstrate the use of the CAP/CI method for calculating resonance
parameters over a relatively large region of molecular geometries. The crossing point of
the potential energy curves of F; and F; is determined by investigating the resonance width,
and the two computed curves are adjusted vertically such that the Wigner threshold law is
obeyed. This procedure determines the relative position of the potential energy curves and
yields the electron affinity. The latter is in very reasonable agreement with the experimental
value. The computed resonance parameters can serve as input parameters for the dynamical
calculation of processes such as dissociative attachment and vibrationally excited resonant
electron—molecule scattering. Finally, this work encourages further use of the CAP/CI method
for calculating other resonance states of the fluorine molecule (i.e. Zl'lg, ’,, 2'2;'). This is
planned as a future continuation of the project.

The authors would like to thank Robin Santra for his instructions on the computational aspects
of this project and many inspiring discussions. They also thank T Sommerfeld, V Brems
and G A Worth for fruitful discussions on the manuscript. MI gratefully acknowledges the
financial support of ‘Deutscher Akademischer Austauschdienst” and ‘DFG-Forschergruppe
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We present a theoretical description of the method of
DNA sequencing with simultaneous exponential PCR
amplification of the template (DEXAS). Based on the
theory of probability, the formula determining the opti-
mal ratio of concentrations of deoxy- and dideoxynu-
cleotides in the reaction mixture is derived, as well as
the length distribution of sequenced DNA fragments.
The prediction of the number of mutations is given
and the theoretically determined aspects of DEXAS
are compared with the corresponding quantities of
classical sequencing methods. Some other experi-
mentally observed effects are also discussed.

Key words: Calculation / Cycle sequencing / DNA/ PCR
amplification/ Theory of probability.

Introduction

The Sanger dideoxy-sequencing method with laser fluo-
rescent detection of the electrophoretic bands (Smith et
al., 1985) is presently the most common experimental
technique for determining the primary structure of DNA.
Although this method has been routinely used for a long
time, it is still an attractive field for further refinement, aim-
ing at higher throughput and sensitivity of the method. The
throughput of sequencing has been improved by the si-
multaneous performance of the sequencing reactions on
both DNA strands, distinguishing the fragments by differ-
entfluorescent labels attached to the primers (Wiemann et
al., 1995). This technigue increases the efficiency of dou-
ble-stranded DNA sequencing by the factor of two. On the
other hand, this method requires an independent detec-
tion system for each strand, and thus all the primers must
be fluorescently labeled, which makes the method rather
expensive.The latter prablem was solved by the method of
in situ labeling of criginally unlabeled primers directly in
the reaction mixture (Wiemann et al., 1996). An alternative
way of increasing the efficacy of the method is the four-
dye detection of the fragments with labeled dideoxynu-
cleotides. This method is, however, known for its lower
reliability because of the spectral overlap of the emission
spectra of the four fluorescent labels (Smith et al., 1985,

1986, 1887). Methods based on the 4 X 4 transformation
matrix from detector space to dye space were suggested
to overcome this problem (Smith et al., 1987; Yin et al.,
1996). An alternative way of sensitive detection of four dif-
ferent labels consists in the time-resolved fluorescent de-
tection (Lieberwirth et al., 1998).

With respect to the sensitivity, methods of PCR amplifi-
cation are often used to yield more template DNA (seee. g.
Voss et al., 1997). A method that couples PCR amplifica-
tion and DNA sequencing was originally proposed by Ru-
ano and Kidd (1991). In this method, the sample is ampli-
fied by PCR and the following sequencing reaction is per-
formed as a further PCR amplification in the presence of
polymerization terminators. Based on a similar principle,
but with two differently labaled primers present in the re-
action mixture, a novel method was introduced recently,
that combines the PCR amplification with the DNA se-
quencing from both ends. As this method produces the
sequencing fragments simultaneously with the template
molecules, the authors called it the method of direct expo-
nential amplification and sequencing (DEXAS) (Kilger and
Paabo, 1997a). In this method four reaction mixtures are
prepared containing template DNA molecules, all four
deoxynucleotides (dN), one selected dideoxynucleotide
(ddN), thermostable DNA polymerase, and a pair of fluo-
rescently labeled primers. Subsequent PCRyields:

a)a new template molecule (extension product reaching
the opposite primer site), and
b)a sequencing ladder (extension products terminated by
the corresponding ddNs).
The ratio of amplification and sequencing (i. e. the speci-
ficity and yield of the method)can be controlled by the ra-
tio of dNs and ddNs. It is obvious that the labeled primers
are necessary for this method, because the in situ labeling
cannot be used since there is not enough template at the
beginning. In spite of this disadvantage, some recent ap-
plications demonstrate the fact that DEXAS canbecome a
powerful tool for sequencing of small amounts of DNA
(Plaschke ef al.,1998).

So far, the crucial parameters of DEXAS (ratio of dNs
and ddNs, number of PCR cycles) have been only esti-
mated without the support of any underlying theory.
Therefare, a theoretical description of this method might
help to reach the optimal reaction conditions. Several arti-
cles were published in the past which provide theoretical
analyses of PCR-based processes. Most of them concen-
trate on the effect of random mutations during PCR. Inone
of the first works of this sort (Krawczak ef al., 1989), the
percentage of correctly synthesized PCR product is deter-
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mined by means of the theory of probability as a function
of the enzyme error rate and the number of PCR cycles.
Several more recent reports deal with the task of deter-
mining the error rate of the enzyme from an analysis of the
PCR product (Weiss and von Haeseler, 1995; Sun, 1995).
Computer simulations were used to determine the error
rate of the enzyme as well as the homogeneity of the orig-
inal template (Weiss and von Haeseler, 1997).

In the following we provide a detailed theoretical analy-
sis of the DEXAS method and determine the dependence
of the output of the DEXAS reaction on the initial reactant
ratio. We also compare this method with the standard
techniques and discuss its advantages and disadvan-
tages.

Results

The DEXAS method is based on the simultaneous pres-
ence of dNs and ddNs in the reaction mixture. Both of
them can be incorporated in the growing DNA strand and
the polymerization is either continued or stopped. Provid-
ed that both dNs and ddNs are present for the particular
base (which is of course only one of four in each reaction),
the probability of incorporating the terminator (ddN)into a
given position in the growing DNA chain is

P = Ra, (1)
where Ris defined as c({ddNY{(c(dN)}+ c(ddN)), ¢ stands for
the molar concentration, and a is the relative affinity of the
polymerase to ddNs, i. e., the probability of ddN incorpo-
ration into the synthesized DNA strand provided that the
concentrations of dNs and ddNs in the reaction mixture
are equal. Note that both R and a are obviously numbers
between 0 and 1, therefore also P, belongs to this interval.
Tag DNA polymerase, the most common PCR enzyme,
suppresses considerably the incorporation of modified
nucleotides (including ddNs). To increase the affinity of the
enzyme to modified nucleotides, several mutated analogs
of Tag DNA polymerase were designed. In general they
possess the mutation F667Y and/or several different
modifications, especially deletions at the N-terminus.
Their affinity to modified nucleotides was tested by Voss et
al. (1997). This affinity varies from one enzyme to another
but in some cases it is almost as high as for the normal
dNs. The DNA polymerase with only the F667Y mutation
was found to be especially suitable forincorporating ddNs
(Kilger and Pa3bo, 1997b). The value of Rcan be adjusted
by the experimentator, and our aim is to determine its
optimum value; ais a constant that has to be determined
experimentally.

For the sake of clarity of all the following considerations
we will suppose an even distribution of all four bases in the
template molecule. The probability of incorporation of a
terminating nucleotide into the extending DNA strand is

1
Prerm = z P, @)

where P, is defined by eq. (1). The factor :T refers to the

fact that only one ddN is present in a given reaction
mixture.The probability of chain extension at this site is
then

1
Pront=1—Pem=1— "y A @)

The probability of synthesis of a chain which is just N
nucleotides long is

Potain(N) = Paoat Prerm. )

This expression means that the chain mustbe (N—1)times
extended and then terminated at the end. A similar ex-
pression can be derived for the probability of synthesis of
achain, which is at least N nucleotides long:

Penains(N}= Pa. (5]

After N—1 elongations the chain may be terminated or
further extended.

To provide a new template molecule, the polymerization
must proceed to the distant end of the other primer. At
least N, nucleotides have to be incorporated without ter-
mination of the reaction. (N; denotes the number of nu-
cleotides between the 3’ end of the upper primer and the
5 end of the lower one.) Therefore we introduce the fun-
damental quantity P.,, (probability of amplification),
which is the probability of synthesis of a new template
DNA molecule:

3Ny =1
t

1
Paro = P (N) = (1= 1 P) ®

Once we have expressed the probability of amplification,
we can determine the dependence of the amount of tem-
plate molecules onthe number of PCRcycles and thus de-
scribe the amplification process. Assuming that the initial
number of template molecules is T, the number of these
molecules after one cycle of PCRis

Ti=Th+ TOPamp= To(1 +Pamp)- )

The corresponding equation for the number of template
molecules after n PCR cycles can be derived in an analo-
gous way

T = To(1+ Pamp ). @)

Equation (8) has a straightforward physical meaning. The
factor (1 + Puyyp) is the quotient of the geometrical se-
quence describing the amplification process. In an ordi-
nary PCRamplification, where no terminators are present,
Pamp = 1, therefore T, = T, 2". This means that the number
of template mclecules is doubled in every cycle, which is
generally supposed in PCR. However, when the termina-
tors are present, the amplification quotient equals a num-
her between 1 and 2 depending on the values of Rand ain
eqg. (1) as a consequence of the formation of sequencing
fragments.

After determining the amount of template after every
PCR cycle we can derive the number of sequencing frag-
ments as a function of the number of cycles. We count all
the fragments together irrespective of their lengths. The
distribution function for the fragment lengths will be de-
rived |ater. It is obvious that the initial number of fragments
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S, (after O cycles)is equal to zero. The number of ddN ter-
minated fragments after 1 PCR cycle is equal to the initial
number of template molecules multiplied by the comple-
mentary probability to the probability of amplification:

Si=T(1 _Panm)- @)

It can be easily seen from eq. (9), that in a PCR experiment
without terminators Sy = 0, because Fay, = 1. Summing
the contributions from n subsequent cycles results in the
formula

5= To(1 =Pamp) [1+ (1 # Pamp) + (1 + Pagpf +...+ (1 + Pop)' ™" (10)

The right side of eq. (10)is the sum of nterms of a geomet-
rical series with the quotient (1 + Panp). This equation can
be thus simplified to the form

0+ PV _ (1= Pan)

$0= Tol1 = Pars) 5 oy =
o o

[(1+ P =11 (11)

Eq. (11) expresses the number of sequencing fragments
present in the reaction mixture after n cycles of the PCR

S/S1 man

B 100.0 |

0040 0050

0.000 0.010 0.020 0030

amp

Fig. 1 Influence of P.., on the Number of Sequencing Frag-
ments.

(A) Number of sequencing fragments S, as a function of Py,.
Each curveis divided by its maximum value. Dashed line: ten PCR
cycles; long-dashed line: twenty PCR cycles; solid line: thirty
PCR cycles; dot-dashed line: fourty PCR cycles. The maximum
values of S,/ Ty are 8.99 X 10%,4.18 x 10%,2.77 X 107 and 2.10 X
10", respectively. (B) Limit of S, for P.y, — 0. Notation of the
curves is the same as in (A).
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amplification. Several examples of this dependence for
different numbers of PCR cycles are given in Figure 1A.

Equation 11 can be used for the determination of the
optimal value of Ras afunction of the template length and
the number of PCR cycles. Hence, we are searching for
the maximum of S, as a function of F,,,,. For this purpose
we differentiate S, with repect to Panp and put the resulting
expression equal to zero. After some rearrangements we
obtain the following equation

(1 P [0 Pmp— (1= 1) Pagp + 1] =1 (12)

Due to practical reasons P, should not fall below about
0.4 and the number of PCR cycles below 20. In this region
the expression (1 + P,,,)""is very high, therefore the poly-
nomial on the left side is considerably steep at the point
where its value equals 1. Hence, this point is very close to
the point where the value of the polynomial equals 0.
Therefore, the constant 1 on the right side can be substi-
tuted by zero, which results in an approximate equation

AP —(1—=1)Pamp + 1=0 (13)

which is a quadratic equation for Psny, that has two roots
Pt 12= zi[n—1i\,/nz—6n+1] (14)
n

The root with minus is obviously non-physical and repre-
sents an artifact of the above mentioned approximation. It
is obviously located very close to zero, where we do not
assumethe validity of this approximation. Onthe contrary,
the ‘plus’ root is a good approximation of the location of
the maximum of S, as a function of Py, and, forn = 20, itis
located between 0.89 and 1. It can be shown that in this
region of nthe error of the approximation is much less than
0.001. We can thus determine an optimal ratio of dNs and
ddNs in the reaction mixture for a given number of PCR
cycles making use of the egs. (1) and (6).

4 Nty opf
Ropt= 7 (1= "V Famp) (15)

This formula answers the basic question of DEXAS, i. e.
what Rto choose for an optimal yield of sequencing frag-
ments.

Kilger and Paabo (1997b) suggested to use two differ-
ent DNA polymerases in the same PCR, one of them
strongly preferring dNs and the other with arelatively high-
er affinity to ddNs (the latter possessing the F667Y muta-
tion). The authors state that the sensitivity of this modifica-
tion is considerably higher than in the case discussed
above. They propose its application for sequencing of a
single-copy DNA molecule.

For the theoretical analysis of this approach we have to
introduce two quantities a, and a;[analogousto aineq. (1]
specific for the two polymerases. Therefore, we also ob-
tain two different probabilities, P, and P,;. We assume that
the affinity to substrate (complex template-primer) is
equivalent for bothenzymes. Let us denote the fractions of
the two polymerases with respect to the whole enzyme
pool f; and f;. Now we can determine the probability of am-
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plification, now denoted Pyppg, in an analogous way. For
simplicity, we will exclude all other causes of termination
of the polymerization than incorporation of a terminator or
reaching the end of the template molecule. This means
that only one enzyme molecule can bind to one template
strand in one PCR cycle. In such a case the probability
Pampa is simply equal to the weighed average of the proba-
bilities of amplification of the two individual enzymes,
where the fractions f; and £, represent the weights:

Pampd = f1 Pamp1 + F2 Pamp2 (16)

Hence, in the case of two different enzymes there is one
more degree of freedom in the dependence of R, on
Pampd- Therefore, Ry, has no more only a single value, but
thereis awhole set of its values depending on the fractions
of the two polymerases. This set is represented by a curve
in atwo-dimensional space described by the equation

1 N-1
Pampn‘_(1 - 4_ Rapi az)

] N1 1 W1
(1 7 Ropr51) —(1 7 op!az)

Several functions of this kind are plotted in Figure 2. Note
that not all values of R are allowed for a given P,y,q. De-
pending on the values of a; and a, two forbidden regions
can occur, where f; is (formally) either negative or higher
than 1, which is of course a non-physical situation. These
regions are obviously the larger the closer the values of a,
and a; are. In the trivial case of their equality the curve in
Figure 2 reduces to a point given by eq. (15). The borders
of the allowed region are given by the expressions

= (17)

4 N-1
f1=0:R:£(1—\/?mpd) (18)
and

4 N
A=1:R= - (1= VP (19)

Another important quantity of DEXAS is the distribution
of the sequencing fragments as a function of their length.
It is obvious that the procedure generates more shorter
fragments than longer ones. Therefore it is important to
determine the distribution of the lengths of fragments in
the sequencing product. After putting egs. (2,3) into eq. (4)
and normalizing it (the fragments of the lengths between 1
and N; are synthesized with the probability equal to one),
we obtain a final expression for the distribution of frag-
ment lengths

DIN) = Pain(N)= L - 20)

1\ B T
1—(1—4—P,) 1—(1—4—P,)Pm
The last expression results from the substitution of eq. (6)
into the original expression for the distribution function.
Examples of several such distributions are given in Fig-
ure 3.

Every PCR-based method may suffer from the prob-
lems with random mutations introduced due to the infideli-

N-1 AN=1
(171;3,) 1p (17119,) ip
2 4! 4

0.050

0.000
0.0

Fig. 2 Dependence of f; on R for Given Parameters P,ypq, a1
and a..

Inall cases Pympg=0.9and &, =1. Solid line: a,=0.01; long-dashed
line: a, = 0.0025; dashed line: a, = 0.001.

0.0040

0.0030

o 100 200 300 400 500

N

Fig. 3 Normalized Distribution Function of the Fragment
Lengths.

N, = 500. Solid line: P, = 0.2; solid line with dots: P,,, = 0.4;
dashed line: F,,, = 0.6; long-dashed line: Py, = 0.8; dot-dashed
line: Pagp =0.9.

ty of the DNA polymerase. This is certainly the case also
for DEXAS. The amount of mutated DNA present in the re-
action mixture after n cycles of PCRIis a function of the er-
ror probability P, of the enzyme. This is the probability of
incorporating an incorrect nucleotide at a given positionin
the growing DNA chain, and it is a characteristic constant
of the enzyme that can be determined experimentally.

The probability of a correct incorporation of a nucleo-
tide is 1 — P,,. If there are no terminators in the reaction,
then the probability of a correct transcription is simply
(1- P,mf“', where N; means the length of the template. In
the presence of terminators the probability of synthesis of
a correct full-size preduct molecule is equal to

PCDU’: (1 *Perr)N'Pamp- (21)

and the number of correct 'full-size’ products after n cy-
clesis [note the analogy with eq. (8)]

T3 =T+ Peon)'. (22)
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The total amount of synthesized template (irrespective of
its fidelity)is still given by eq. (8). From eqs. (8) and (22)we
can derive the contributions of correctly copied and mu-
tated template molecules to the whole pool of full-length
DNAstrands. It is

Cop= 11— (ﬂ ' 23)
Ty 1+ Pamp
and analogously
_ cormr _
G, = BT (14 Panpl = (1 o) 24)
T (1+ Pamp)'
Discussion

In the previous section we have derived a theoretical de-
scription of the DEXAS method. Now we shall discuss the
consequences for its practical use. We will point out both
its advantages and disadvantages and give some hints for
the optimization of the experimental procedure.

The key parameter of the DEXAS procedure is certainly
the fraction R of ddNs, determining the efficiency of the
production of sequencing fragments. Figure 1A shows
that the amount of the fragments is quite sensitive to the
value of R, especially in the vicinity of the optimum value.
Therefore, the precise knowledge of the parameter a for a
given enzyme is crucial for a good performance of this
method. It follows from Figure 1A that it is better to over-
estimate the fraction of ddNs rather than that of dNs, /. e.
to decrease the probability P,,, below the optimum value
ratherthan to increase it. The drop of the yield of sequenc-
ing fragments is much more rapid for R >R, than for R <
R, Hence, when the precise value of ais not available, it
is better to increase the ddN fraction. The value of R can
be, however, optimized for a given enzyme.

Itis also possible to perform the amplification/sequenc-
ing procedure with two enzymes with different affinities to
ddNs as suggested by Kilger and Paabo (1997b). Their
idea was to use one enzyme strongly suppressing the
incorporation of ddNs to produce mainly the full-length
products, and another enzyme that does not suppress
ddNs for the synthesis of sequencing fragments. The ad-
vantage of this technique is that the optimal experimental
conditions are more easily accessible, especially in the
case when the trial-and-error method is used.

Theoretically this means only a different formula for the
probability of amplification given by eq. (16). The equation
for its optimum value (14), as well as Figure 1A, are not in-
fluenced by this modification. The only advantage of this
techniqueis that one has alarger flexibility in adjusting the
reaction mixture to provide the optimal .., becauseitis
possible to vary not only the ratio of dNs and ddNs, but
also the ratio of the concentrations of the two enzymes.
There is only a marginal problem in the evaluation of the
optimum value of R, because it is not possible to solve the
corresponding algebraic equation for this quantity. How-
ever, it is possible to solve this task graphically using the
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plot of f; (or ;) as a function of R with given parameters
Pampa: @, and a, (see Figure 2), or to numerically solving eq.
(17) with the aid of a computer. Although it is in principle
possible to set R to any value, /. e. to reach any value of
P.mp, @ven in the single-enzyme arrangement this double-
enzyme strategy may be particularly advantagous in
situations where the optimal concentrations of dNs and
mainly ddNs are of an ‘impractical' order of magnitude
(too high or too low).

As can be seen, the character of the function in Figure
1A strongly depends on the number of PCR cycles. The
maximum moves to higher values of P,,, and becomes
sharper with the increasing number of cycles. This phe-
nomenon can be explained as follows. When only few
PCRcycles are performed, it is more advantagous to syn-
thesize mainly the sequencing fragments (lower Pin,),
since the full-length products cannot be exploited as tem-
plate molecules in too many further cycles. However,
when the number of cycles increases the benefit of higher
level of template production becomes fundamental and
hence the higher value of .y, is needed. The explanation
why the maximum is getting sharper with the increasing
number of cycles follows straightforward from the analysis
ofeq. (11).

A remark should be made to the limit case when Py,
approaches zero. In this case, as can be derived from
eq. (11), S, tends to n (see Figure 1B). This result has a
straightforward physical meaning. When P, equals
zero, then no amplification takes place. The number of
sequencing fragmentsis then equal to the initial number of
template molecules multiplied by the number of PCR
steps. The amplification of sequencing fragments runs
thus according to an arithmetical sequence. The situation
is similar to the commonly used PCR sequencing where
one primer is used for the linear amplification of the se-
quenced template (Murray, 1989). The only difference is
that we generate differently labeled sequencing frag-
ments synthesized from both ends.

The distribution function of the fragment lengths is plot-
ted in Figure 3 for several different values of P;and a given
N.. Itis quite obvious that this function must decrease with
the length of the fragment. However, it is possible to
arrange the experimental conditions so that the distribu-
tion is almost uniform. For a given N,, the distribution uni-
formity grows when the value of P; decreases, or, equiva-
lently, Pamp increases. This is a favourable situation, since
we need relatively large values of Psy,, for the higher yield
of sequencing fragments.

Finally, we derived expressions for the number of tem-
plate molecules mutated by random infidelity of the DNA
polymerase used in PCR. Although this phenomenon is
quite important when the product is used for cloning, it is
less relevant for the sequencing fidelity. Consider the fact
that the ratio of ‘correct’ and mutated template is constant
during the course of amplification, because both are am-
plified with an equal amplification quotient (1 + P,,). An-
other important presumption is that we can see an am-
biguous band in the electrophoretic separation only in the
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case when both fragments are present in the mixture in
sufficient amount. When the amount of fragments is not
‘overamplified’, we can see only those false bands whose
fragments are present at least in the amount of e. g. one
hundredth or one thousandth of the amount of the non-
mutated fragments. Thus, when this visibility limit is e. g.
1/1000 of the number of fragments in a given ordinary
band and the starting number of template molecules was
higher than 1000, then no mutation ambiguities should
occurin the sequence, because none of them will be pre-
sent in a higher ratio to the correct template. We do not
consider the ambiguities caused by low electrophoretical
resolution. If we start with a lower number of template
molecules, then we can observe the mutations in the
template molecules that were created in the amplification
cycles before 1000 template molecules were present. If
we denotethe number of molecules at the visibility limit T,
and the number of cycles necessary to amplify the tem-
plate from Tyto Ty, thenwe can easily derive from eq. (8)
that

In E
- To
T In(1 + Pamp)’
With the aid of eq. (24) we can calculate the total number
of mutations in the template at the visibility limit as
Niut = TisCerr (@6)
It is of some interest to understand how the number of
mutations depends on the probability of amplification
Pump- For this purpose we can rewrite eq. (24) into the
following form
1+ (1 _Perr)N'Psmp)nv

1+ Pamp

(25)

ny

Cor=1 —( @n
Afteranalyzing this functionit can be seen that the number
of mutations C,,, decreases with increasing P,y This re-
sult can be interpreted in a way that more PCR cycles are
needed for the same amplification, which means that in
average more cycles precede a creation of a randomly
chosen template molecule. Hence, there is a higher prob-
ability of mutations. Therefore, in this point DEXAS seems
to be inferior to the classical method where the template
DNA is amplified by the ordinary PCR and subsequently
sequenced. However, in practical cases of DEXAS per-
formance this phenomenon does not play a significant
role.

As the last point we should comment on another exper-
imental finding of Kilger and Paabo (1997a). They state
that the unbalanced ratio of the upstream and down-
stream primer increases the signal-to-noise ratio and
therefore improve the sensitivity of the method. This ef-
fect, however, cannot be explained by our theory, because
it is most probably caused by imperfect annealing of the
primers or even some more complicated processes. They
are not taken into account in our simple model which
might be the cause of this disagreement.

Taken together, these considerations lead to a set of
instructions how to design an optimal DEXAS procedure.

We suggest to start from the distribution function and
choose a value of P,,,, in order to abtain the distribution
as uniform as possible. Using this value of P,,, the num-
her of PCR cycles necessary for the sufficient level of am-
plification can be chosen. Determining these parameters
is always a compromise, because the maximum value of
S, hasto be reached. Having optimized nand Pamp, we can
determine the optimum value of the parameter R, or, inthe
case of two polymerases, an optimal pair of values of R
and f;. For this purpose we have to know the experimental
constant aof the polymerase (a; and a, in the latter case).

We explain the use of this procedure on the following
example. Suppose that the template DNA is 500 base
pairs long and the simpler arrangement with only one en-
zymeis used. Withthe aid of Figure 3 wefind that Py, = 0.8
is sufficient for enough homogenecus mixture of the se-
quencing fragments. Thus, this or a higher value can be
used, depending on the required amplification. From eqgs.
(13, 14) and Figure 1it can be seen that for Pap, = 0.8 the
maximum number of sequencing fragments is produced
at about 11 PCR cycles, i. e., such a procedure provides
very low amplification (642 times). Hence if the initial
amount of template is so small that it requires much high-
er amplification, a higher value of P,y has to be used to-
gether with a higer number of cycles. If, for example, 30
cycles, for which the maximum number of fragments is
generated at P, = 0.93 and the corresponding amplifica-
tionis 3.7 x 10, are sufficient, we use these values to de-
termine the fraction of ddNs R. Suppose, for simplicity,
that the polymerase does not discriminate between dNs
and ddNs, /. e. the constant ais equalto 1/2[see eq. (1)and
the following text for the definition of Rand a]. Thus, mak-
ing use of eq. (15) we calculate the optimal value of R, in
this case Rgp: = 1.15 X 1073, Itis conceivable that with the
parameters determined in this way the efficiency of the
DEXAS procedure will be much higher then only with their
intuitive estimates.

Let us summarize the contents of this study in several
concluding remarks. We provide a detailed description of
the method of direct exponential amplification and se-
quencing. Our aim was to derive mathematical formulas
which help the experimentators to find the optimal reac-
tion conditions in a rational and systematic way. Since we
know that the experimental performance of DEXAS is not
as satisfactory as desired, we hope that such adescription
may be useful. We also discussed the influence of random
mutations of the template on the sequencing result and
compared it to a classical method consisting ofaPCRam-
plification and subsequent sequencing reaction. Our con-
clusion is that the difference is negligible in all practical
cases. At the end we summarized our findings in a set of
instructions for the design of an optimal experimental pro-
cedure.
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During the steam explosion pretreatment of plant biomass, degradation
products are generated, and some of these have inhibitory activity against
biogas production. The aim of this study was to investigate and quantify
the effect of selected model inhibitory compounds on methane production.
The results showed no significant inhibition of methane production by
furfural at concentrations below 1 g/L. In addition, the microbial community
was able to restore biogas production inhibited by this compound after a
certain time. 5-hydroxymethylfurfural was evaluated as a more potent
inhibitor, with a significant effect above 0.2 g/L. Both compounds were
more effective inhibitors with cellulose as the carbon substrate, probably
reflecting higher sensitivity of the cellulolytic step in biogas production. No
significant inhibition was observed for the phenolic compounds tested,
gallic and tannic acids, at concentrations of up to 2 g/L. Thus, the
compounds investigated should not represent a problem for the biogas
production involving steam explosion preprocessed plant biomass.
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INTRODUCTION

Biogas production by anaerobic fermentation is an economically viable alternative
to fossil fuel resources. The principal feed or substrate for industrial biogas units is plant
biomass, most often wheat or corn silage. Alternative materials include manure and waste
from food or wood processing industries, albeit usually in combination with already
mentioned types of plant biomass, which, in any case, represents at least about 50% of the
feed available for processing in biogas plants. The main reasons for the dominance of plant
biomass for biogas production include high unit yields of biogas, verified technologies for
the plant biomass production, good conservation and processing, and, of course, favorable
cost and general availability.

Plant biomass is predominantly composed of cellulose, hemicellulose, and lignin.
These natural polymers interact closely together and create a complex matrix that is rather
resistant to biotic and abiotic degradation, especially under anaerobic conditions (Adney et
al. 1991; Prochazka ef al. 2012). Cellulose constitutes a major component of plant biomass,
consisting of f(1—4) glycosidic bonds connected D-glucose units. Cellulose chains are
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assembled into fibrils that possess a semi-crystalline structure, and these are interconnected
with hemicelluloses and lignin at the higher level of structural hierarchy (Hendriks and
Zeeman 2009). Hemicelluloses are complex polysaccharides that usually comprise
pentoses, but hexoses and sugar acids are also present. The third major component of plant
biomass lignin has a rather complex structure, composed of various interconnected phenol
propane units. Of these three components, lignin is the most resistant to the enzymatic
attack (Paulova et al. 2015). Indeed, this very resistance exhibited by the lignocellulose
complex constitutes a major obstacle to exploit the potential of plant biomass in
biotechnology, as it prolongs processes and simultaneously decreases yields.

Due to these reasons, physico-chemical pretreatment of the biomass is usually
included prior to the main biotechnological process to disrupt the organized structure of
the lignocellulose complex (Fan &f al. 2006). The steam explosion method is the most often
used pretreatment (Galbe and Zacchi 2007; Bruni ef al. 2010). In this process, the biomass
slurry is fed to a channel, where it is heated and pressurized with external hot steam. Upon
leaving the channel, a pressure drop causes disruption to the structure of the lignocellulose
complex. The three principle parameters that have to be controlled are temperature,
pressure, and retention time. The mentioned procedure was used with positive results for
the preprocessing of swine slurry (Ortega-Martineza ef al. 2016), vinegar residue (Feng ef
al. 2016), or corn stover (Ji et al. 2016), where a significant increase of methane production
was observed. Other authors reported improvements in the process Kkinetics
(Theuretzbacher ef al. 2015; Rincon ef al. 2016). A more complex and somewhat skeptical
view was brought by Dereix ef al. (2006) showing that despite the increase in methane
yield by about 50% the energy requirements of the steam-explosion process were
substantially higher than the additional energy produced.

Bauer ef al. (2009) studied the effect of steam explosion pretreatment on the
methane yield from wheat straw, finding that at 10 min at 160 °C or 15 min at 180 °C, the
treatment increased the specific methane yield by up to 14%, or 20%, respectively.
Surprisingly, at 20 min at 200 °C, the positive effect on methane production was no longer
observed. Treatment of plant biomass involving relatively high temperatures under
elevated pressure can give rise to toxic degradation products derived from plant biomass
constituents; indeed, such compounds may subsequently inhibit the key enzymes of the
process. Examples of potentially inhibiting substances include phenolic compounds,
particularly vanillin, gallic acid, and tannic acid, which arise through lignin decomposition,
as well as the dehydration products of pentoses and hexoses, /.e furfural and 5-
hydroxymethylfurfural, respectively, from corresponding polysaccharides (Palmqvist
and Hahn-Hagerdal 2000). The effects of furfural and 5-hydroxymethylfurfural have
been studied, to some extent, in connection with biotechnological production of bioethanol
or hydrogen from lignocellulose biomass (Oliva et al. 2006; Lu et al. 2007; Bellido et al.
2011; Paulova et al. 2012). Inhibition of at least three enzymes of the central carbon
metabolism has been proven (Modig ef al. 2002). The concentrations of these compounds
in the pretreated biomass were over 1 g/L in some cases, and in an extreme instance even
exceeded 3 g/L. Nevertheless, it was shown that for the production of hydrogen the
threshold of the inhibition effect was aboutl g/L.. As a representative of the group of
phenolic inhibition compounds derived from lignin, gallic acid was tested for the inhibition
effect on methane production by Mousa and Forster (1999). The compound did not exhibit
any significant effect in concentrations of up to 20 mg/L, whereas 50 mg/L caused about a
15% decrease in methane content of the biogas. The same study also showed
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that supplementation with an additional, easily metabolizable carbon substrate (glucose)
effectively restored methane production, likely through promoting degradation of the
inhibiting compound. In another study (Hernandez and Edyvean 2008), caffeic acid and
gallic acid were selected as model phenolic degradation products of lignin, and their
inhibition effect on the production of methane was significant at concentrations of about
1.0 g/L.

In this study, the inhibition effect of furfural and 5-hydroxymethylfurfural, as
model cellulose and hemicellulose degradation products, and gallic and tannic acids as
model lignin degradation products were investigated in an experimental system mimicking
general conditions at an actual industrial biogas plant. The aim was to evaluate the potential
risks of the steam explosion pretreatment of plant biomass on methane production, with
respect to the possible formation of inhibiting degradation products and their
concentrations.

EXPERIMENTAL

Microbial Inoculum

Digestate containing the microbial community was sampled at the biogas plant
(Ceské Budgjovice, Czech Republic), which mainly utilizes corn straw and grass silage as
the feedstock for anaerobic fermentation at 39 °C. The sludge was sieved (1 mm?) to
remove corn grains and other solid particles and was suspended in mineral salt medium
(MgS04-7H>0, 22.5 g/L; CaCls, 27.5 g/L; FeCly-6H,0, 0.25 g/L; (NH4),SO04, 10.0 g/L;
KH,POs, 8.2 g/L; K,HPO4, 21.8 g/L; Na,HPO4 12H,0, 44.7 g/L; H3BOs, 0.75 g/L;
FeSO4-7TH>0, 3.00 g/L; ZnS04 TH,0, 0.10 g/L; MnSO4-4H,0, 0.50 g/L) to reach the dry-
weight concentration of 1 g/L. After dilution, the sludge was acclimated 7 days at 39 °C.

The basic characteristics of the digestate after sampling and after acclimation are
summarized in Table 1 to document that the diluted and acclimated media from all three
sampling instants had similar properties at the beginning of the experiments.

Table 1. Physicochemical Properties of Initial and Acclimated Digestate

| Samplingl [ Samplingll | Sampling III
Initial digestate
ORP (mV) -289 -383 -219
pH 7.8 89 82
DW (g/L) 5.70 3.00 285
Acclimated digestate
ORP (mV) -208 -253 -225
pH 7.8 8.0 8.0
DW (g/L) 1.14 0.98 0.98
%CHa(acetate) 62% 68% -
%CHa(cellulose) - 49% 30%

ORP, oxidation-reduction potential; DW, dry weight, %CHa,
percentage of methane in biogas with the given substrate in the
initial phase of the experiment.
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Production of Methane and Carbon Dioxide during Anaerobic Digestion

Biogas production experiments were performed in 300 mL flasks filled with 100
mL of the acclimated digestate, the appropriate carbon substrate (sodium acetate or
cellulose) was added at the final concentration of 10 g/L, and the contents were purged
with nitrogen. Afterwards, the tested inhibiting substances were added at given
concentrations. At the beginning of the tests, the pH was 7.8 + 0.5. After repeated purging
with nitrogen, all flasks were sealed with stoppers equipped with gas-tight sampling valves
and incubated at 39 °C. The contents of bottles were continuously stirred, and the gas phase
of each flask was sampled several times a week. The gas pressure in the flasks was
controlled by a digital manometer ( ISO 11734 (1995)). All experiments, including blank
and control bottles, contained all the components except the tested compound or the carbon
substrate, respectively, and were carried out in triplicate.

CHy and COs production were determined by gas chromatography (Agilent GC
7890A equipped with a PORAPAK Q column and TCD detector, Santa Clara, USA; with
helium as a carrier gas at 50 mL/min, Tijector= 200 °C, Towen = 50 °C, Tger = 220 °C) and
expressed as the amount of carbon in the form methane produced per gram of carbon
introduced m(CHa), the calculation were based on the ideal gas state equation (Drimal ef
al. 2000; Hubackova ef al. 2013). The concentrations of CHs and CO» were derived from
the calibration curve obtained using the calibration gas mixture with certified composition
(0.8% CO., 4% CHa, 95.2% N2, Linde 2016). At the end of the incubation dissolved
inorganic carbon content was determined in all flasks (5000A TOC analyzer, Shimadzu,
Tokyo, Japan). The pH and oxidation-reduction potential (ORP) were also determined to
verity the validity of experiments.

The percentage of the net mineralization of the organic carbon (D) was estimated
from the relation of the amount of carbon released in the form of CH4 and COz (my, mg)
and dissolved innorganic carbon (/m, mg), corrected by a blank, to a theoretical amount of
the carbon introduced as the substrate (cellulose or acetate) and the inhibiting compound
eventually (my, mg), and expressed in terms of the percentage of anaerobic biodegradation,
as follows:

t

m, +m
D =Tx100% 1)

Mathematical Model

Methane production during the growth of microbial biomass was expressed
according to a previously published model of inhibited biomass growth (Rial et al. 2011),
where the amount of the produced methane is proportional to the biomass and the initial
methane concentration is zero (Eq. 2),

X, 1
rr(CH4)_ki:l+CXp(C—ymf)_xuij (2)

X
where €= h’{ X: —1};

m(CH3) is the mass of the methane produced; Kk is the proportionality constant between
biomass and methane production; Xois the biomass at the beginning of the experiment; Xin
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is the asymptotic maximum of biomass; and gm is the the biomass increase per biomass
unit and time unit (dimensions ™).

After re-parametrization (Rial ef al. 2011), the model equation for the methane
production is as follows,

IT.(CH4)= rr(c:.h)MAX -|7 n{CHslz)l-MAX _|(3)
T4exp| 24— M (Af) l4exp| 2+ Mg
M(CH ) yax | MCH ) yax |

where m(CHa)umax is the asymptotic maximum of methane production; vmax is the maximal
rate of methane production; and 4 is the length of lag phase. Fitting and estimation of
parameters from the experimental results were performed by sum of square minimisation
nonlinear method (quasi-Newton) using the macro ‘Solver’ of Microsoft Excel.

RESULTS AND DISCUSSION

The inhibition effect of selected model compounds was studied in experiments
simulating biogas production from corn biomass, as is often the case at industrial scale
biogas production plants. Semiliquid digestate from such a process was utilized as the
microbial inoculum. Two groups of experiments were carried out with two different carbon
substrates. The first one, with cellulose, comprised all phases of the process, /.e. hydrolysis,
acctogenesis, and methanogenesis, whereas the other set of experiments with sodium
acetate studied solely the methanogenesis. Furfural and 5-hydroxymethylfurfural were
selected as model inhibition compounds formed as dehydration products during thermal
treatment of carbohydrate-based plant biomass constituents (Barakat ef al. 2012;
Chiaramonti ef al. 2012); gallic and tannic acids are phenolic model inhibition compounds
derived during the degradation of plant lignin (Hernandez and Edyvean 2008; Barakat &f
al. 2012).

Inhibition Effect of Furfural and 5-Hydroxymethylfurfural on Biogas
Production

The inhibition effects of furfural and 5-hydroxymethylfurfural were studied in
concentrations of up to 2 g/L, which lie at the higher limit of expected concentrations in a
real process (Bellido ef al. 2011). The data obtained on methane production were fitted
with the described mathematical model and the parameters of the model, i.e. the length of
the lag phase, maximal methane production rate, and asymptotic maximal methane
production level calculated (Table 2). Subsequently, these parameters were used to
compare inhibition effects among the individual experiments. During the experiment with
sodium acetate as the carbon substrate, furfural concentrations under 1 g/L exhibited a
stimulating effect on methane production; hence, the compound could probably be utilized
as an additional carbon substrate under such conditions (Fig. 1A). Even at 1.0 g/L, it was
possible to discern a noticeable inhibition effect, and the effect was proportionally more
pronounced at 2.0 g/L. Inhibition by furfural was manifested primarily through an increase
in lag phase prior to the onset of methane production (Fig. 2). However, it seemed that even
at the highest furfural concertation tested, the compound was metabolized, /.e. detoxified.
After a certain time, methane production was substantially restored with a comparable
maximal production rate to the control experiment without the inhibiting compound. The
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same was generally applicable for experiments with cellulose as the carbon substrate (Fig.
1C), except that methane production inhibition was exhibited as early as at 0.5 g/L and then
strongly at 1.0 g/L.. Thus, it is likely that some processes preceding methanogenesis in the
path of cellulose utilization are slightly more sensitive to furfural inhibition than
methanogenesis itself.

5-hydroxymethylfurfural was found to have a slightly stronger inhibition effect
than furfural, showing a noticeable influence even at 0.5 g/L (Fig. 1B). In contrast to
furfural, hydroxylmethylfurfural decreased the maximal methane production rate and the
level of maximum methane production (Fig. 2), presenting no evident tendency to restore
methane production after a certain period. This suggested that hydroxymethylfurfural was
not readily removed from the system and caused permanent inhibition of the process. As
in the case of furfural, methane production from cellulose was noticeably more inhibitor-
sensitive than acetate as the carbon substrate, with an inhibition appearing even at 0.2 g/L
S-hyroxymethylfurfural (Fig. 1 D). The latter finding confirms that methanogenesis was
not a critical step in biogas production with respect to sensitivity to these inhibitory
compounds. Rather, the critical step was cellulolysis or acetogenesis.

Table 2. Optimized Parameters of the Mathematical Model

Acetate as the carbon substrate

Crur A m(CHa)max VMAX CHvF A m(CHa)max VMAX
(g/lL) | (d) (mg/g) (mg/(ged)) (g/L) | (d) (mg/g) (mg/(g=d))
0.0 5.0 213 11 0.0 15 280 4.94
0.1 0 230 12 0.1 ND ND ND
0.2 0.9 226 18 0.2 7.7 324 6.39
0.5 2.7 200 24 0.5 11 280 3.38
1.0 9.9 180 16 1.0 4.4 103 0.91
2.0 23 126 18 2.0 ND ND ND

Cellulose as the carbon substrate

Crur A m(CHa)max VMAX CHME A m(CH4)max VMAX
(g/L) | (d) (mg/g) (mgi(g=d)) (glL) | (d) (mg/g) (mg/(g=d))
0.0 1.9 121 4.58 0.0 0.0 28.2 0.68
0.1 0.1 132 5.01 0.1 ND ND ND
0.2 3.1 114 4.28 0.2 0.0 129 18.0
0.5 2.7 106 4.35 0.5 3.0 4.42 17.6
1.0 23 140 4.95 1.0 20 2.57 ND
2.0 ND 0 ND 2.0 ND ND ND

A, length of lag phase; m(CH4)MAX, asymptotic maximum of methane production; vypax,
maximal rate of methane production; d, day; cFUR, concentration of furfural; cHMF, concentration
of 5-hydroxymethylfurfural.

The reactions were characterized at the end of the incubation period, as summarized
in Table 3. In all experiments, the pH and concentration of dissolved inorganic carbon
indicated that adding an inhibiting compound did not cause a shift in metabolic processes
from methanogenesis. The amounts of dissolved inorganic carbon were comparable in
every incubation, which confirmed that the contents of gaseous-endmetabolites, which
were determined in the head space of the incubation vessels, are applicable for interpreting
the development of metabolic processes.
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Table 3. Selected Properties of the Individual Incubations at the End of the
Experiments

Acetate as the carbon substrate
Crur pH IC Dt | CHq ChmF pH IC D CH4
(g/L) (g/t) (%) | (%) (g/L) (g/L) (%) | (%)
0.0 8.38 173+ 75 93 0.0 836 | 1.74+0.10 | 89 97
0.05
0.1 8.31 1.88 + 78 93 0.2 825 | 1.75+0.09 | 87 94
0.04
0.2 8.29 1.78 + 76 92 0.5 8.05 | 1.69+0.11 80 89
0.08
0.5 8.11 1.71+ 70 89 1.0 8.42 | 1.65+0.01 56 24
0.12
1.0 7.97 183+ 66 87 2.0 8.18 0.0 0 0
0.16
2.0 7.21 141+ 46 79 4.0 8.21 0.0 0 0
0.62
Cellulose as the carbon substrate
Crur pH IC Dt | CHq Cmr pH IC Dy | CHa
(g/L) (g/t) (%) | (%) (g/L) (g/L) (%) | (%)
0.0 7.99 113+ 42 57 0.0 8.15 | 1.99+£0.07 | 51 39
0.02
0.1 8.15 110+ 42 60 0.2 8.09 | 212+0.05 | 50 26
0.01
0.2 8.32 112+ 40 57 0.5 832 | 206+0.05 | 47 8
0.02
0.5 8.13 110+ 39 56 1.0 8.24 | 235+0.08 | 47 5
0.03
1.0 8.21 1.07 + 37 67 2.0 8.40 0 0 0
0.36
2.0 8.09 0.00 0 9 4.0 8.15 0 0 0

Crur, CONcentration of furfural; cyye, concentration of 5-hydroxymethylfurfural; IC, concentration of
dissolved inorganic carbon in aqueous phase; Dt, % of carbon mineralization; CH4, the percentage
of CH4 in biogas

As the simpler of the two substrates, acetate exhibited a considerably high level of
mineralization, which resulted in a higher content of methane in the biogas formed.
Furthermore, the effective concentrations of inhibiting compounds gradually decreased the
content of methane in the biogas produced, although a dramatic effect was only seen at
concentrations strongly inhibiting methane production. The last performed experiments
with 5-hydroxymethylfurfural and cellulose as substrate were performed with the inoculum
from the third sampling instant. In these experiments the production rate of CHs and its
content in biogas (Table 1) was somewhat lower witnessing probably a lower initial content
of methanogens on the beginning of the experiment.
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2. 5-hydroxymethylfurfural was a stronger inhibitor with a noticeable effect above 0.2
/L.

3. Both compounds were more effective inhibitors with cellulose as the carbon substrate,
potentially reflecting the higher sensitivity of the cellulolytic step in the process of
biogas production.

4. No inhibition was observed for the tested phenolic compounds (gallic and tannic acid)
at concentrations of up to 2 g/L.

5. The compounds investigated do not raise an issue for biogas production involving plant
biomass preprocessed by the steam explosion method.

ACKNOWLEDGMENTS

This work was supported by an Internal Grant of Tomas Bata University in Zlin,
(IGA/FT/2017/003) and the Ministry of Education, Youth and Sports of the Czech
Republic, under the NPU I program (Grant no. LO1504).

REFERENCES CITED

Adney, W. S., Rivard, C. J., Shiang, M., and Himmel, M. E. (1991). “Anaerobic-
digestion of lignocellulosic biomass and wastes - Cellulases and related enzymes,”
Applied Biochemistry and Biotechnology 30(2), 165-183. DOI: 10.1007/BF02921684

Barakat, A., Monlau, F., Steyer, J. P., and Carrere, H. (2012). “Effect of lignin-derived
and furan compounds found in lignocellulosic hydrolysates on biomethane
production,” Bioresource Technology 104, 90-99. DOL:
10.1016/j.biortech.2011.10.060

Bauer, A., Bosch, P., Friedl, A., and Amon, T. (2009). “Analysis of methane potentials of
steam-exploded wheat straw and estimation of energy yields of combined ethanol
and methane production,” Journal of Biotechnology 142(1), 50-55. DOI:

10.1016/j jbiotec.2009.01.017

Bellido, C., Bolado, S., Coca, M., Lucas, S., Gonzalez-Benito, G., and Garcia-Cubero, M.
T. (2011). “Effect of inhibitors formed during wheat straw pretreatment on ethanol
fermentation by Pichia tipitis,” Bioresource Technology 102(23), 10868-10874.
DOT: 10.1016/j.biortech.2011.08.128

Bruni, E., Jensen, A.P., and Angelidaki, I. (2010), “Steam treatment of digested biofibers
for increasing biogas production,” Bioresource Technology 101(19), 7668-7671.
DOI: 10.1016/j.biortech.2010.04.064

Chiaramonti, D., Prussi, M., Ferrero, S., Oriani, L., Ottonello, P., Torre, P., and Cherchi,
F. (2012). “Review of pretreatment processes for lignocellulosic ethanol production,
and development of an innovative method,” Biomass & Bioenergy 46, 25-35. DOIL:
10.1016/j.biombioe.2012.04.020

Drimal, P., Hrncirik, J., and Hoffmann, J. (2006). “Assessing acrobic biodegradability of
plastics in aqueous environment by GC-analyzing composition of equilibrium
gaseous phase,” Journal of Polymers and the Environment 14(3), 309-316. DOIL:
10.1007/s10924-006-0024-5

Pekafova et al. (2017). “Methane inhibition,” BioResources 12(2), 2421-2432. 2430

245



PEER-REVIEWED ARTICLE bioreso urces.com

Fan, Y. T., Zhang, Y. H., Zhang, S. F., Hou, H. W., and Ren, B. Z. (2006). “Efficient
conversion of wheat straw wastes into biohydrogen gas by cow dung compost,”
Bioresource Technology 97(3), 500-505. DOI: 10.1016/j.biortech.2005.02.049

Feng, J., Zhang, J., Zhang, J., He, Y., Zhang, R., Liu, G., and Chen, C. (2016). “Influence
of steam explosion pretreatment on the anaerobic digestion of vinegar residue,”
Waste Management & Research 34(7), 630-637. DOIL: 10.1177/0734242X16644681

Galbe, M., and Zacchi, G. (2007). “Pretreatment of lignocellulosic materials for efficient
bioethanol production,” Bjofuels 108, 41-65. DOI: 10.1007/10_2007_070

Hendriks, A. T. W. M., and Zeeman, G. (2009). “Pretreatments to enhance the
digestibility of lignocellulosic biomass,” Bioresource Technology 100(1), 10-18.
DOI: 10.1016/j.biortech.2008.05.027

Hernandez, J. E., and Edyvean, R. G. J. (2008). “Inhibition of biogas production and
biodegradability by substituted phenolic compounds in anaerobic sludge,” Journal of
Hazardous Materials 160(1), 20-28. DOT: 10.1016/j.jhazmat.2008.02.075

Hubackova, J., Dvorackova M., Svoboda P., Mokrej§ P., Kupec J., Pozarova 1., Alexy P.,
Bugaj P., Machovsky M., and Koutny M. (2013), “Influence of various starch types
on PCL/starch blends anaerobic biodegradation,” Polymer Testing 32(6), 1011-1019.
DOI: 10.1016/j.polymertesting.2013.05.008

ISO 11734 (1995). “Water quality - Evaluation of the ‘ultimate’ anaerobic
biodegradability of organic compounds in digested sludge - Method by measurement
of the biogas production,” International Organization for Standardization, Geneva,
Switzerland.

Ji, J., Zhang, J., Yang, L., He, Y., Zhang, R., Liu, G., and Chen, C. (2016). “Impact of co-
pretreatment of calcium hydroxide and steam explosion on anaerobic digestion
efficiency with corn stover,” Environmental Technology online, DOI:
10.1080/09593330.2016.1234001

Lu, P., Chen, L. I., Li, G. X., Shen, S. H., Wang, L. L., Jiang, Q. Y., and Zhang, J. F.
(2007). “Influence of furfural concentration on growth and ethanol yield of
Saccharomyces Kluyveri,” Journal of Environmental Sciences 19(12), 1528-1532.
DOI: 10.1016/S1001-0742(07)60249-6

Modig, T., Liden, G., and Taherzadeh, M. J. (2002). “Inhibition effects of furfural on
alcohol dehydrogenase, aldehyde dehydrogenase and pyruvate dehydrogenase,”
Biochemical Journal 363, 769-776. DOT: 10.1042/0264-6021:3630769

Mousa, L., and Forster, C. F. (1999). “The use of glucose as a growth factor to counteract
inhibition in anaerobic digestion,” Process Safety and Environmental Protection
77(B4), 193-198. DOI: 10.1205/095758299530062

Oliva, J. M., Negro, M. J., Saez, F., Ballesteros, 1., Manzanares, P., Gonzalez, A., and
Ballesteros, M. (2006). “Effects of acetic acid, furfural and catechol combinations on
ethanol fermentation of Kiuyveromyces marxianus,” Process Biochemistry 41(5),
1223-1228. DOI: 10.1016/j.procbio.2005.12.003

Ortega-Martineza, E., Zaldivara, C., Phillippia, J., Carrerec, H., and Donoso-Bravoa, A.
(2016). “Improvement of anaerobic digestion of swine slurry by steam explosion and
chemical pretreatment application. Assessment based on kinetic analysis,” Journal of
Environmental Chemical Engineering 4(2), 2033-2039. DOI:

10.1016/ jece.2016.03.035

Palmgqvist, E., and Hahn-Hagerdal, B. (2000). “Fermentation of lignocellulosic

hydrolysates. II: Inhibitors and mechanisms of inhibition,” Bioresource Technology

Pekafova et al. (2017). “Methane inhibition,” BioResources 12(2), 2421-2432. 2431

246



PEER-REVIEWED ARTICLE bioreso urces.com

74(1), 25-33. DOL: 10.1016/S0960-8524(99)00161-3

Paulova, L., Patakova, P., Branska, B., Rychtera, M., and Melzoch, K. (2015).
“Lignocellulosic ethanol: Technology design and its impact on process efficiency,”
Biotechnology Advances 33(6 Pt 2), 1091-107. DOIL:
10.1016/j.biotechadv.2014.12.002

Paulova, L., Patakova, P., Jaisamut, K., Rychtera, M., and Melzoch, K. (2012).
“Cellulose ethanol - Influence of inhibitors on production strains,” Lisfy
Cukrovarnicke a Reparske 128(7-8), 229-232.

Prochazka, J., Mrazek, J., Strosova, L., Fliegerova, K., Zabranska, J., and Dohanyos, M.
(2012). “Enhanced biogas yield from energy crops with rumen anaerobic fungi,”
Engineering in Life Sciences 12(3), 343-351. DOI: 10.1002/elsc.201100076

Rial, D., Vazquez, J. A., and Murado, M. A. (2011). “Effects of three heavy metals on the
bacteria growth kinetics: A bivariate model for toxicological assessment,” Applied
Microbiology and Biotechnol. 90(3), 1095-1109. DOT: 10.1007/s00253-011-3138-1

Rincon, B., Rodriguez-Gutiérrez, G., Bujalance, L., Fernandez-Bolafios, J., and Borja, R.
(2016). “Influence of a steam-explosion pre-treatment on the methane yield and
kinetics of anaerobic digestion of two-phase olive mil solid waste or alperujo,”
Process Safety and Environmental Protection 102, 361-369. DOL:
10.1016/j.psep.2016.04.010

Theuretzbacher, F., Lizasoain, J., Lefever, C., Saylor, M. K., Enguidanos, R., Weran, N.,
Gronauer, A., and Bauer, A. (2015). “Steam explosion pretreatment of wheat straw
to improve methane yields: Investigation of the degradation kinetics of structural
compounds during anaerobic digestion,” Bioresource Technology 179, 299-305.
DOTI: 10.1016/j.biortech.2014.12.008

Article submitted: November 8, 2016; Peer review completed: January 12, 2017; Revised
version received and accepted; February 3, 2017; Published: February 10, 2017.
DOI: 10.15376/biores.12.2.2421-2432

Pekafova et al. (2017). “Methane inhibition,” BioResources 12(2), 2421-2432. 2432

247



P19. Ab initio calculations of substituent constants: A reinvestigation.

O. Exner, M. Ingr, P. Cérsky, Theochem-J. Mol. Struct. 397 (1997) 231-238.

Journal of Molecular Structure (Theochem) 397 (1997) 231-238

THEO
CHEM

Ab initio calculations of substituent constants: a reinvestigation

Otto Exner®*, Marek Ingr'®, Petr Cérsky®

“Institute of Organic Chemistry and Biochemisiry, Academy of Sciences of the Czech Republic, Flemingovo ndm. 2, 166 10 Prague 6,
The Czech Republic
®J. Heyrovsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, Dolejskova 3, 182 23 Prague 8,
The Czech Republic

Received 25 March 1996; accepted 2 October 1996

Abstract

A set of various substituent constants og, og, 0, and o, for 21 common substituents was recalculated according to the models
of Marriott and Topsom which are based on ab initio calculations. Some inconsistencies in the original methods as to the use of
molecular geometries and basis sets were eliminated and a few values of the original work were corrected. The set was extended
by an additional 10 substituents derived from the amido and thioamido groups, with particular interest for QSAR. Comparison
with standard experimental data confirmed the physical meaning and significance of the computational model for o, ag, ¢,, but

not for o,. © 1997 Elsevier Science B.V.

Keywords: Substituent effects; Ab initio calculations; Inductive effect; Resonance; Polarizability; Electronegativity

1. Introduciion

The substituent effects on any physical property are
commonly described in terms of substituent constants
o [1]. In the most developed form of the empirical
theory [2], four such constants are distinguished: o,
OR, G4, and ¢,, corresponding to four assumed inter-
action mechanisms called field-inductive, resonance,
polarizability, and electronegativity. A particular
property is expressed as

Y=Yo +PROF+PROR +PoOn + Py 0y +E 1

In Egq. (1) y and y, means the observed quantity for the
substituted and unsubstituted compound, respectively,

* Corresponding author.
! Undergraduate at the Faculty of Science, Charles University,
Prague.

p’s are proportionality constants and ¢ is considered to
be a random variable (fitting error). Some of the terms
in Eq. (1) are often insignificant—in particular, p_is
different from zero only for immediately adjoining
substituents and p, only for some reactions in the
gas phase. On the other hand, applications restricted
to the terms pgog and proy are innumerable and were
even criticized for being used where they are not
appropriate [3]. The constants ¢ were originally
defined {1] on model processes involving experi-
mental quantities (pK, NMR shifts, IR intensities)
and are merely intuitively connected with the concep-
tion of resonance, inductive effect etc. Their actual
verification is only by the fitting of many experimental
data in Eq. (1). Constants determined in this way are
always loaded with experimental errors, often of
unknown magnitude; sometimes even the definition
procedure is not suitable for a given substituent due

0166-1280/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved
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Table 1

Calculated substituent constants for common substituents

Substituent af oR L a,
CH;, 0.02 =0.11 -0.35 0.00
CyHs 0.02 -0.10 -0.4% -0.01
CH(CH3), 0.01 -0.08 -0.62 -0.02
C(CH3); 0.02 -0.07 -0.75 -0.02
CH,F 0.14 -0.10 -0.33 -0.02
CF, 0.34 0.04 -0.25 ~0.02
CHO 0.23 0.19 -0.46 -0.05
COCH; 0.18 0.14 -0.55 -0.04
COOCH; 0.17 0.15 -0.48 0.02
COF 0.37 0.20 N 0.03
CN 0.49 0.07 -0.52 0.29
NH, 0.17 -0.56 -0.17 0.33
N(CH,), 0.17 -0.57 -0.44 0.34
NO, 0.58 0.17 -0.26 0.46
OH 0.31 —0.40 -0.03 0.54
OCH,; 0.30 -0.40 -0.17 0.54
F 0.46 -0.30 0.13 0.70
SH 0.21 ~0.28 -0.53 =0.11
SCH; 0.15 -0.29 -0.68 -0.15
SO,CH; 0.38 0.02 -0.63 -0.24
Cl 0.36 ~-0.23 -0.44 0.15

* The o, constant for COF is missing. 3-21G is a basis set too small for a meaningful evaluation of this constant (see the text).

to technical difficulties such as solubility, side reac-
tions, or interference of spectral bands. For this
reason, methods were advanced to predict the con-
stants ¢ by quantum chemical ab initio calculations
[4-8]. Within the framework of theoretical chemistry,
the substituent effect may be defined as AH® of the
reaction (2), usually isodesmic, involving the change
of a reaction center Y into Y’ in dependence on the
substituent X

X-Y+H-Y'=X-Y'+H-Y )

However, theoretical chemistry does not allow the
calculated effect to be separated into the terms induc-
tive, resonance, etc. Marriott and Topsom (thereafter
M.T.) [4-8] have advanced specific model systems,
molecules or even only conglomerates of atoms, intui-
tively related to these terms. The physical meaning of
the calculated constants o, og, ¢4, and o, was verified
in fact only by some a posteriori correlations with
experimental o. The merit of the approach is in any
case their reproducibility and applicability to all
possible substituents.

Our interest in this area was primarily connected
with the thioamido group which is important [9] in

pharmacology and QSAR (Quantitative Structure-
Activity Relationships) but has been less character-
ized as substituent [10-14]. First it was necessary to
reproduce the procedures described [4—8] on standard
substituents which are listed in Table 1. Then we
applied them to addtional substituents, not included
in the original sets. These are listed in Table 2. A point
of interest was also the effect of conformation in the
case of substituents with a rotational freedom. Such an
effect can be easily calculated but has been only
exceptionally observed experimentally on two confor-
mers of one compound [15], although the significance
of substituent orientation was many times proven by
comparing two different compounds [16,17]. Variable
conformations were considered here in the case of
eight substituents of Table 2.

2. Computational details

We intended to follow closely the methods devel-
oped by M.T. [4-8,18] who treated altogether 21 sub-
stituents. Typically, however, they studied in a single
paper the basis set effect on a particular o constant
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Tabie 2

Calculated o constants for substituents

Substituent op apexp.’ or apexp.” 0y 0y
CONH, 021 0.23,0.29" 0.07 0.11,0.12,70.13# -0.46 -0.04
(Z)-CONHCH, 0.19 0.35° 0.06 -0.01¢ -0.52 0,04
(E}-CONHCH 0.18 ) 0.09 0.05 -0.05
CON(CH3), 0.31 0.23' 0.08 —0.69 -0.04
(2)-NHCOCH; 0.17 024, 0.34 029 -022,"021,-042¢ 028 046
(E}XNHCOCH, 043 038 047 0.44
(Z)-NHCONH, 0.13 0.09¢ —0.33 -0.33¢ -0.25 0.47
(E)NHCONH, 0.49 -0.39 a 043
CSNH, 0.28 0.24,°0.29" 0.11 0.11,7 0.06° —0.65 0.11
(Z)-CSNHCH; 0.24 0.29' 0.07 0.05' 0.71 0.10
(E)-CSNHCH; 0.27 0.09 -0.80 0.10
CSN(CH3), 0.24 0.23! 0.11 -0.88 0.10
(Z)-NHCSCH, 0.18 0.30° 021 -0.18° 048 0.51
(E)-NHCSCH,4 0.54 -0.29 -0.68 0.47
(Z)-NHCSNH, 0.12 0.26, 0.29" -0.27 -0.10,-0.13" a 0.52
(E)-NHCSNH, 0.63 -0.32 -0.55 045

* o, constants for (E)-NHCONH, and (Z)-NHCSNH; are not listed since the 3-21G and 3-21G" basis sets are too small for a meaningful

evaluation (see the text).
® Ref. [22] unless otherwise noted.

© Estimates derived indirectly from the constants ¢, and o, of Ref. [28].

9 Derived in the same way from Ref. [30].
¢ Derived in the same way from Ref. [11].
"Ref. [27].
£ Ref. [25].
" Ref. [29].
' Ref. [28].
! Ref. [31]}.

with a smaller subset of substituents. We found it
therefore difficult to reproduce their complete set for
all four o constants by a uniform treatment of ail 21
substituents. With some molecules we were not sure

ahout the ceometries thev nced (ontimized or stan-
aooul e geometnes ey usel (OpumizZed or Sian

dard) and some of our calculated o constants differed
considerably from those given in the final review [18].
For this reason we considered it useful to present here
Topsom’s formulas [18], to specify all necessary tech-
nical details of calculations.

A field-effect constant o for a substituent X is cal-
culated by the formula

oF = - 35.50qy, 3)

where Agy, is the difference in charge,
Age: = i i — g (4)
S, = THg(Hy=HK) ™ TH(Hy=H,) A4
between the charge on hydrogen H, in the model
system 1 [4] and the charge on hydrogen H, in an
analogous system in which X = H. First, the geometries

of the H, and HX molecules were optimized at the 6-
31G" level. Then a single-point 6-31G" calculation
was performed for the model 1 and the calculated
Mulliken populations are used in Eq. (4) for the
evaluation of Agy . M.T. tested several variants of
their calculations of o [4,18] and did not give quite
clearly which was used for obtaining the final data.
After several attempts, we selected the 6-31G"
approach with optimal geometry but some disagree-
ments between M.T. and our values may originate at
this point (see Section 3).

The oy constants, representing the resonance effect
of substituents, may be obtained by routine 4-31G//4-
31G calculations. Only the substituent was optimized.
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3

he ethylene skeleton was kef
of the expression

or=4.167 X Ag, —0.06083 5)

(-

we need to calculate Mulliken population analysis for
a substituted ethylene CH, = CHX and the parent
ethylene. The overall r-electron transfer (3 Ag.)
between X and the ethylene = system is calculated
as a difference between the total w-electron popu-
lations on the two carbon atoms in the substituted
ethylene and the parent ethylene. From several
variants of calculation given by M.T. [5,6,19] we
tried to pick up their 4-31G//4-31G data [19] and
our calculated constants differed only slightly from
the published ones (see Section 3).

In contrast to constants ¢r and og, that may be
obtained by common ab initio programs, the constant
g, representing the polarizability effect of the substi-
tuent X, requires an extra code for the evaluation of
the polarization potential [20]

PP= ¥ (¥, H' 1¥rg) (¥ H'1¥,)

a#0 Ey-E, ©®

In this second-order term of the Mgller—Plesset theory
the summation is over all singly excited configuration
state functions and the Hamiltonian H’ stands for
Coulombic interactions between a positive charge
e tha cmbo:lan MIT oo OIT YV O AA- 1.1 A AN
dilid UIC HIVICCUICS LIy diid LA, VMIOUCL & [LU]
defines the location of the positive charge

The first step in the evaluation of g, is the 3-21G
geometry optimization of CH, and CH;3X. If X con-
tains atoms from higher than the first row of the
periodic system, the 3-21G° method is applied.
Using the Hartree—Fock molecular orbitals ¢ and
orbital energies & at the optimum geometry, Eq. (6)
may be rewritten as

(ﬁf’; \H ’l‘PjXWJ‘IH '|10f)
Ei—ﬁj

PP=2% % M
i

The pair of indices i and j represents a single electron
excitation i — j and the H’' matrix elements are

evaluated for structure 2. The o, constant is then

expressed as the difference

o(:!:FPCHgX—FPCI’L (8)
Calculation of ¢, constants met with some problems,
presumably because of the use of the 3-21G and
3-21G” basis sets. It is well known that meaningful
caiculation of polarizability and related properties
needs larger basis sets. Although the 3-21G and
3-21G” polarization potentials are reasonable for
most of the substituents [18], the 3-21G calculated
polarization potential for -COF is completely
unsatisfactory and its value was not listed by
M.T. [7,18]. The 3-21G and 3-21G” calculations
of the polarization potential also failed with the
—NHCO(NH,) substituent in the conformation E and
with —~NHCS(NH,) in the conformation Z. Recalcu-
lation with the 6-31G" basis set improves the results
dramatically in all three instances. We plan to propose
a new set of o, constants based on the Sadlej’s basis
set which was developed especially for calculation of
polarization.

The constant o, representing the electronegativity
effect of the substituent X, is obtained from 6-31G "/
6-31G” calculations on the CH, and HX molecules.
The respective formula is

Oy =2(‘?H(HXJ _QH(CH_,)) ()]

where the electron populations gy on hydrogen atoms
are obtained from the Mulliken population analysis
for the optimum geometries of HX and CH,4. With
these constants there were no problems with selecting
the right procedure since it was given by M.T. in an
unambigous way [7,18].

3. Results and discussion

The calculated constants o, og, 0, and g, are listed
in Table 1 (standard substituents) and Table 2
(amide and thioamide substituents). In the following
discussion we shall deal with two problems. The
first question is to what extent are the calculations
of constants ¢ reproducible and well described: it
requires comparison of our results with those of
M.T. The second question is whether the models
used and the constants obtained have a clear physical
meaning: it requires comparison with some standard
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Table 3

Correlation between calculated and experimental constants o

Constant Expianatory Response function Standard Correlation Siope Number
variable deviation coefficient of data

(o units)

aF calc. [4] cale. this work 0.050 0.9530 0.793 25
exp. [21]* calc. this work 0.049 0.9607 0.765 20
exp. [21]* calc. (4] 0.040 09614 0.939 21
exp. [21}* exp. [221° 0.042 0.9770 0.908 22
exp. [211* exp. [23]° 0.068 0.9413 0.898 22
exp. [21]° exp. [24]¢ 0.173¢ 0.9889 5.2219 20

OR cale. [5] calc. this work 0.031 09911 1.003 18
exp. [25]¢ calc. this work 0.045 0.9814 0.952 17
exp. [25]° calc. [5] 0.035 0.9890 0.978 18
exp. [23]' calc. this work 0.058 0.9696 0.991 15
exp. [231° calc. [5] 0.054 09733 0.989 19
exp. [23)° exp. [25]° 0.045 0.9851 0.990 18

Oy calc. {7] calc. this work 0.016 0.9977 0.999 21

ay calc. [8] calc. this work 0.010 0.9993 0.997 22
exp. [8,26]8 0,2 this work 0.0423¢ 0.9577 0.00316¢ 18
exp. [8,26]* 0,2(8] 0.0424° 0.9579 0.00318¢% 18

* Defined by dissociation constants of substituted acetic acids in water.

® Derived in an indirect way from meta and para substituent effects in the aromatic series: these effects themselves have been taken in the

literature {22) rather uncritically from divergent sources.

¢ Derived from '°F NMR substituent induced shifts in the meta position.
¢ Defined by dissociation constants of 4-substituted quinuclidines in water; scaling different from the others.
¢ Derived from IR intensities of the v, and v 4, bands in monosubstituted benzenes, the sign may be uncertain.

f Derived from ""F NMR shifts in the meta and para positions.

& Coupling constants 'Jc between the positions ipso and orrho in monosubstituted benzenes, unscaled; standard deviations in o units;

substituents Cl and SX excluded.

experimental quantities. The answers to these uestions
differ sharply for the individual types of constants. For
this reason, these types will be discussed separately.

These constants, denoted originally ¢}, were recently
renamed [4] o without any actual reason. However,
the reasoning in favour of ‘‘field”” effect against the
previous ‘‘inductive’” effect was questioned and an
opinion offered that the problem has no significance
{16]. Since the numerical values remained unchanged,
the nomenclature itself is of no importance for our
discussion: we shall use here the symbol o without
preferring just the “‘field”’ theory.

Generally, our values agree reasonably with those
of M.T. [4], see Table 3, first line. Some differences
were encountered with more polar substituents
COOCH3, CF; and NO, but the greatest was for
SO,CH, (0.22 o units) which in fact is controlling

the overall fit. In all these cases our of values were
smaller than those of M.T. and the difference can be
attributed mainly to the more sophisticated procedure
in our work (optimized geometry, 6-31G’ basis).
Particularly, the geometry optimization is known to
diminish the molecular dipole moment and this could
perhaps result in lowering the calculated oy constant.

For comparison with experiments, several large and
systematic data sets are available. It has been also
pointed out that they essentially agree with each
other [22,32]. In Table 3, we refer to four such series
in which all items have been obtained in the same
simple way from experimental data: we have paid
particular care to not include any estimated values.
Of these series, the o of Charton [21] have been
selected most carefully and are used here as reference.
The result of Table 3 is that calculated o constants
correspond to experimental data as closely as these
experimental data correspond to each other. The
deviations are only a little larger than the purely
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experimental error, given for instance by Charton {21}

between 0.01 and 0.02. A greater deviation was found
which have been already mentioned [32]. Comparing
our calculations with M.T. [4], it seems that ours fit
the experimental data a little worse but this is due
again mainly to the substituent SO,CH;. If there is
no misprint in {4], one must conciude that their caicu-
lations are better in practice, i.e. more closely related
to the common of determined from measurements in
solution. A few measurements in the gas phase [33]
may suggest that in the isolated molecule the SO,CHj3
group behaves as a weaker acceptor than in solution,
in agreement with o from Table 1. In our opinion,
further experimental evidence is necessary.

In conclusion, the procedure advanced by M.T. [4]
may be recommended for calculating missing con-
stants o and a reliability can be attained comparable
to the standard experimental approach. The merit of
this quantum chemical model is that calculations are
easy and the result is not sensitive to computational
details. There is no doubt that the resulting o are of
importance from the empirical point of view: they can
be applied generally to reactivities of all molecules
without multiple bonds and without short-range inter-
actions between the substituent and reaction center
[1,23]. The only shortcoming is that the physical
meaning of the effect is not well understood [16,17]
and the quantum chemical model makes use of aggre-
gations of atoms which are not molecules. Its justifi-
cation is thus only in the empirical agreement with
certain experiments.

3.2. Resonance constants ay

Contrary to g, the constants oy are connected with
a definite theoretical concept. The quantum chemical
model is immediately related to this theory and based
on real molecules of substituted ethylenes [5] or ben-
zenes [5,6]. On the other hand, it is generally accepted
that the resonance effect is not constant, not even
proportional in different series: it also depends always
on the partner group conjugated with the substituent.
Empirical relationships have been developed in such a
way, that several scales of resonance constants
(oge, og+, 0g-, R*, R7) were defined [1,2,22], to
be used according to the electron demand or electron
supply of the reaction center. (Unfortunately, the

h 1
been confused so that the symbols

ogx+ and R" for the acceptor groups mean either their
strengthened conjugation with a donor reaction center
[1,22] or weakened conjugation with another acceptor
(21)

We shall deal only with the scale ggo which corre-
sponds to conjugation with a mere phenyl group as a
standard reference {1,2,22] while the M.T. quantum
chemical model [4] uses the vinyl group. The agree-
ment of our results with M.T. is better than for op
(Table 3). Small deviations can be explained by geo-
metry optimization in our calculations, the only large
deviation was found for the substituent NH, (0.09 ¢
units). Of the experimental data sets, we know only
one set based on a single experimental property,
namely the intensity of the »,s, and »,g, vibrational
bands in monosubstituted benzenes [25]. Their corre-
lation with (o) is purely empirical: in fact there is
no reason why the intensity should be controlled only
by resonance and not by the inductive effect. In addi-
tion, the sign of oz must be estimated and sometimes
can be uncertain. Nevertheless, the close correlation
of calculated and experimental values is remarkable
(Table 3) and suggests any physical meaning of the
two quantities. All other scales of oz are based on
two experimental quantities and the resonance con-
stant is obtained by a subtraction eliminating the
inductive effect. The simplest such definition is
based on '’F NMR shifts of meta and para substituted
fluorobenzenes [23]: the values obtained have been
aiso examined in Table 3 and found to be clearly
less correlated both with the calculated ogo and the
former experimental scale.

The result is that theoretically calculated og» are of
a similar reliability as those based on experiments.
While this statement is equal as in the case of of,
we must stress that oz are much more restricted in
their scope. They are applicable only in conjugation
with a partner which is neither a donor nor acceptor.
In addition, there are strong doubts whether ogo for
acceptors and donors have the same meaning or the
same scaling: in many examples oge of acceptors
appear to be essentially zero [2,33].

3.3. Polarizability constants o,

The quantum chemical model for evaluating
these constants [7,18] is most sophisticated and not
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completely satisfactory from the theoretical point of
view (see Section 2). Nevertheless, we followed it
closely and obtained a very good fit with the literature
values (Table 3). The only deviation, 0.06 o units for
the substituent CN, could be even due to an error. For
the substituent COF, not given in Ref. [7], the proce-
dure failed: the apparent value obtained was far off the
acceptable range.

Any efficient comparison with experimental values

ig not nogcible Saveral rathar convineing correlatinng
15 Ot possioie. SEvera: ratner convincing Come:auons

with the gas-phase basicities and acidities were pre-
sented but only for alkyl substituents [7]. In the case
of polar substituents, the polarizability effect is
accompanied or even overweighted by the inductive
effect: their separation was attempted [34) with the
assumption of equal inductive effects in anions and
cations bui this is evidently only an approximation
and was criticized [35). More general are linear
regressions with o and o, as explanatory variables,
successful for several gas-phase reactions [2], but they
can be hardly used for checking the o, values.

In conclusion, the model for calculating the o,
values is well designed in principle but not satisfactory
as to the computational technique which would deserve
a reinvestigation. In any case, calculations are for the
time being the only source of ¢, values: direct com-
parison to experiments is possible only for alkyl groups.

3.4. Electronegativity constants g,

The concept of electronegativity is one of the most
controversial [1,8,18], even its general utility can be
doubted. The quantum chemical model originally sug-
gested [8] was later improved [18] with an ad hoc
correction which uses different scaling for all carbon
substituents. When we repeated the calculations with
this correction, we obtained identical results (Table
3). The only deviation for the substituent CF; is prob-
ably due to a misprint (0.02 instead of —0.02) and is
immaterial in the whole context. Comparison with
experiments is a difficult problem. The only quantity
claimed [8] to correlate directly is the NMR coupling
constant 'Jcc between the positions ipso and ortho in
monosubstituted benzenes [8,28] which should be
proportional to (ox)z. Substituents bonded with
second-row elements must be excluded. The results
in Table 3 might appear sufficient according to the
correlation coefficient but the standard deviations

given for (a,()2 are unacceptable for small values:
some predicted values would be even imaginary.

We conclude that M.T. calculations [8,18] repre-
sent the only reliable source of o, constants, but
their possible application is not evident.

3.5. Dependence of o constants on conformation

Certain more complex substituents can exist in dif-

ferent conformations, see for instance Table 2. When
ierent coniormatoens, see Ior mnstance 1avie 2. when

their ¢ constants are determined in the usual way, they
represent a weighted mean over all conformations
present: separate constants for individual confor-
mations may be accessible in special cases by
means of fast spectroscopic methods. In "F NMR
spectra of meta- and para-fluoroformanilides the
two conformers were distinguished and constants o
and oy calculated [15]. Necessary conditions for such
proceeding are separation of the signals, close depen-
dence on o, and reasonable abundance of rotamers.
This is all seldom fulfilled. For instance, the NH
frequencies in the conformers of substituted thio-
benzanilides were distinguished and assigned [36],
but the sensitivity to substitution was too small in
relation to the experimental accuracy.

Data in Table 2 give six examples of substituents
which are each in two planar conformations. Differ-
ences in of and o, are on average 0.3, in oy and in
d,, less than 0.1. A rough comparison with the above
experimental data [15] is possible for the substituents
—-NHCXCH; and -NHCXNH, (X = O, §). Calcu-
lations reproduce correctly the difference between
rotamers with the right sign but overestimate its abso-
lute value (with o by a factor of six, with g, say, by
three, but these values are too small). The comparison
is only speculative since the substituents are not
identical. Remarkable is the great dependence of o,
on conformation (one value is even positive) but an
experimental verification is not possible to date.

In real molecules containing the substituents from
Table 2, the conformation Z predominates. Experi-
mental constants ¢, determined by common proce-
dures, can be compared to the Z values with a good
approximation. Experimental data given in Table 2
are not numerous but reveal a general agreement
with the calculations. For practical purposes, say for
QSAR, the ¢ constants of these substituents can be
calculated with the same reliability as for the others.
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4. Conclusions

By recalculation at a larger basis or with geometry
optimization, the resulting ¢ have changed very little
with few exceptions. From comparison with experi-
mental series it follows that the M.T. models [4,5] for
op and op are well sounded and the calculated o
constants are generally as reliable as the experimentat
values. Particularly for the purpose of QSAR, the cal-

culated ¢ constants can be recommended as sufficient.

This applies particularly to the thioamide substituents
of Table 2. In the case of o, the calculation [7] repre-
sents the only reliable source, but the calculation
model should be improved. In the case of o,, the
calculations [8] are well reproducible, but for the
time being we do not see any good reason why
these constants should be calculated.
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The reaction of the ethylene radical cation (Et*) with acetylene (Ac) to form stable C4Hg"" intermediates and
the subsequent fragmentation of these to C;H;™ + CH3* or to C4Hs* + H* have been studied by the UMP2,
RMP2, and B3LYP methods with the 6-31G* basis set, as well as by single-point calculations at the RCCSD-
(T)cc-pVTZ level of theory. The aim of this study was to identify all stationary points that might be relevant
to explain the course of the observed reactions. According to their stability to dissociation, we distinguish
three classes of CiHe™ structures: weakly bonded complexes, structures of medium stability, and tightly
bonded complexes. Methylcyclopropene radical cation seems to be the most likely ultimate precursor for the
formation of the observed fragmentation products.

1. Introduction

The knowledge of potential energy surfaces (PESs) of
polyatomic ions is of basic importance for interpreting experi-
ments both on the bimolecular reaction dynamics of ion—
molecule processes and on the dynamics of unimolecular
decomposition of polyatomic state-selected ions. In the former,
scattering studies of bimolecular ion—molecule processes often
reveal the formation of intermediate complexes. Angular
distributions of products may be related to the structures and
dynamics of the dissociating intermediate. In the latter case,
the energetics and the decomposition of ions prepared from
parent molecules are investigated by the photoelectron—photoion
coincidence (PEPICO) method; “‘experimental PESs™ (energetics
of minima and barriers) obtained from the resulting data can
be greatly refined by theoretical calculations. C4Hg has been
subjected to both types of experimental investigations.!

This study has been stimulated by crossed-beam scattering
experiments on the dynamics of formation of various products
in the system

C,H,"" + C,H, — [C,H T —
C;Hy™ CHST, GH™L CHY™ (1)

studied by Herman and his collaborators.2 Analogous products
were observed for the “charge inversed” reaction

CH'+CH,—~[CH T~ CH,, CHS (@

The reactions in both systems appear to proceed through
common intermediates on the way to form the products. From
scattering diagrams and from the angular and product transla-
tional energy distributions, the formation of an intermediate

. T Present address: Faculty of Biology, University of South Bohemia,
Ceske Budejovice, Czech Republic.

1 Present address: Department of Chemistry, University of Pondicherry,
605014 Pondicherry, India.

10.1021/p982590h CCC: $15.00

C4Hg with a mean lifetime > 5 107" was inferred.>? For
the reaction channels leading to CsHs* + CHs* and to C4Hs™
-+ H *, angular distributions indicated? that the critical config-
uration of the dissociating intermediate is consistent with the
structure of methylcyclopropene radical cation (MCPE).

Obviously, ab initio calculations may be very helpful in this
case by yielding additional evidence on the structure and energy
of intermediates and transition states, especially on the way to
various dissociation products. By its size, the C4H*" system
is amenable to treatments by levels of the theory that provide
results of sufficient accuracy for this purpose. We decided,
therefore, to undertake an ab initio study on the CsHg"" potential
energy surface.

Most previous studies on C4Hg** focused on the ring opening
of the methylenecyclopropane radical cation (MCPA)* or the
cyclobutene radical cation (CB).*¢ Qur own results on the latter
reaction were presented separately,” whereas the present paper
is intended to focus on the pathways for CsHg™ association
and fragmentation processes. Before the completion of this
study, another paper with a similar scope was published by
Keister et al.® They reported on the kinetics and mechanism
of methyl loss from 1,3-butadiene (BD) and MCPE studied by
threshold photoelectron—photoion coincidence time-of-flight
mass spectrometry (TPEPICO), ab initio UMP2/6-311G**
calculations, and RRKM statistical theory. In earlier papers,
Baer and collaborators'*1” had described photoionization studies
involving other CsHg isomers, 1,2-butadiene (methylallene,
MA), I-butyne (BTY), 2-butyne (dimethylacetylene, DA), and
cyclobutene (CB). They concluded that the corresponding
radical cations formed by photoionizaton rearranged to a
common precursor prior to dissociation to C;H;™ + CHj* and
that the transition states for isomerizations among the different
C4Hg*" species lie below the dissociation limit. Preuninger and
Farrar'! arrived at the same conclusion in their photofragmen-
tation study of BD, MA, CB, and MCPE. The absence of
photodissociation products from BTY and DA, reported by
Preuninger and Farrar,!' was explained later by Bunn and Baer.!?

© 1998 American Chemical Society
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Dissociation of the BD radical cation has also been investigated
by Dannacher et al.'>!> and by Russell et al.!*1

The most comprehensive study on the C4Hqg*" PES by ab
initio calculations is contained in the above-mentioned recent
paper by Keister et al.¥ (other work concerned mainly the ring
opening of CB'", which is treated in detail in our other paper?).
However, this study was based entirely on the UMP2 methodol-
ogy, which is known to be prone to artifacts due to UHF spin
contamination,'® especially also in the case of weakly bound
ion—molecule complexes.!” We therefore decided to pursue
our investigation of the C4Hg"" PES using a wider range of
computational methods, hoping that this would uncover and
eliminate possible artifacts of the previously used methods, such
as they arise by spin contamination or symmetry breaking.
Although we strived to arrive at a comprehensive picture of
the C4Hg'™ PES (insofar as it is relevant with regard to the
mechanism of processes 1 and 2 above), no claim of complete-
ness is made.

2. Computational Methods

All structures were optimized by the standard UHF, UMP2,
and B3LYP methods, as implemented in the Gaussian 94
program,'® In cases of ROHF convergence problems, optimiza-
tions were carried out with Gamess/US.!” Stationary points
were characterized by harmonic frequency calculations at all
the above levels. From the available variants of the restricted
open-shell MP2 method,”® we selected that*'-»> implemented,
along with analytical gradients, in the Cadpac®® and Aces2
codes.?* All geometry optimizations were carried out with the
standard 6-31G* basis set,?® and in the MP2 calculations, all
electrons were correlated. At the optimized UMP2 and B3LYP
geometries, we also performed single-point RCCSD(T) calcula-
tions, by the method of Knowles et al.?® as implemented in the
Molpro program package.”” These were done with Dunning’s
correlation-consistent triple-£ (ce-pVTZ) basis set,?® which can
be expected to give accurate energies at this level of theory.

Tn addition to Hessian calculations, all transition-state struc-
tures were tested by intrinsic reaction coordinate (IRC) calcula-
tions?” to identify the minima they interconnect. Differences
in zero-point energies (AZPE) for the evaluation of AE; = AE
+ AZPE were taken from frequencies calculated at the level
used for geometry optimization, except for the cases of RMP2
and RCCSD(T)/ec-pVTZ energies, which were corrected on the
basis of B3LYP frequencies, if the respective stationary point
existed, and by UMP2 frequencies in other cases.

As with any calculation on processes of the type A + B —
AB, where AB is a loosely bonded complex, incompleteness
of the basis set forces one to consider the effects of basis set
superposition error (BSSE). For some relevant cases, we
calculated this error at the ROHF and RMP2 levels by a variant
of the Boys—Bemardi method,*” which takes into account the
bond relaxation energy.’! For the distonic "CHCHCHCH,"
radical cation, which may also be viewed as a (CoHp ++CaHa)™™
complex cation, the BSSE is 1.2 and 5.5 kcal/mol at the ROHF
and RMP2 levels, respectively. For the (C;H;"++-CH;3*) com-
plex, the corresponding numbers are 0.6 and 1.0 kcal/mol. We
decided, therefore, not to correct the energies of loosely bonded
complexes for BSSE, because it brings about only a minor
change in the overall energy diagram and does not alter any of
our conclusions with regard to the reaction path of processes 1
and 2,

To show that the single-determinant reference wave functions
are adequate to provide a correct description of the molecular
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characteristics, CASSCF single-point calculations using seven
active electrons in eight orbitals were carried out on all UMP2
stationary points, In all cases, the ground-state reference
determinant contributed = 90% (typically by 93%) and no
individual excited state contributed more than 3.9% (typically
= 2.0%) to the CASSCF wave function. The expectation value
-$—in the unrestricted Hartree—Fock (UHF) determinants was
always less than 0.78 in the B3LYP calculations, whereas in
the UHF reference wave function used for UMP2 it showed
significant deviations from 0.73, especially at transition states,
where it sometimes exceeded 0.95.

3. Results and Discussion

Before going into details below, we should mention that the
energetics of all our calculations will refer to the reaction of
the ethylene radical cation (Et*+) with acetylene (Ac), although
the original experiments? were done with Ac*t + Et, which lie
21 keal/mol higher in energy.3* However, this only affects the
total energy of the CsHg*" system in these experiments and not
the shape of the underlying PES. Under conditions of excess
energy dissipation, charge transfer from Ac™ to Et would occur
before anything else, thus bringing the system to the starting
point of our calculations.

3.1. Weakly Bonded Complexes. Building on our previous
experience with the Et + Et*" reaction!” and the Ac + Ac*!
reaction,®* we engaged in a systematic characterization of four
possible types of weakly bonded complexes. At first sight, a
planar 2s + 2s type complex of Cy, symmetry (PIC) would seem
to constitute a favorable bonding arrangement as it provides
optimal overlap between the ;7 MOs of the two constituent
species. Although this results in a bonding of 17 kecal/mol (see
Table 1), it turns out not to be optimal, as in the previous cases
of (Et-Et)" and (Ac*+*Ac)"", presumably because steric
repulsion prohibits a sufficiently close approach.

The PIC structure turns out to be a transition state™
interconnecting two automeric perpendicular complexes of Ca,
symmetry (PpC), similar to the situation found in (Ac)"+.» The
perpendicular conformation seems to allow for better bonding,
as PpC lies about 3 kcal/mol below PIC (see Table 1). At the
SCF levels, PpC is a saddle point (—115 em ™! at ROHF, —127
cm™! at UHF) which, according to IRC calculations, represents
a transition state for the interconversion of two three-membered-
ring complexes of Cy symmetry (TC) where one end of the
cthylene moicty bonds to the & system of acetylenc,

At B3LYP, this stationary point has fwe imaginary modes,
one of which (=96 em™1) is also associated with TC automer-
ization, whereas the other one (—95 cm ™) leads to an alternative
three-membered-ring complex where one acetylene terminus
binds to the ethylene ;7 system. However, bonding in this latter
species, which may be viewed as a cyclopropylcarbene radical
cation (CC), is much stronger, and we will, therefore, return to
this pivotal intermediate in the following section on tightly
bound structures.

By UMP2, PpC is a minimum, but this is so shallow
(separated from TC by a barrier of only 0.02 keal/mol, associated
with a transition state TS1 with an imaginary frequency of —88
cm™ 1) that this should probably be regarded as an artifact. The
vibrational mode connecting PpC with CC is also positive at
UMP2 and thus gives rise to another transition state, TS2. This
lies, however, 5 kcal/mol above PpC and turns out to be a
second-order saddle point®> whose other imaginary mode (—77
em™ ) leads to the “linear complex™ discussed below.

TC lies 0.5—1 kecal/mol lower in energy than PpC at all levels.
By ROHF and UMP2, TC is a minimum, whereas UHF and
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TABLE 1: Energies and 0 K Enthalpies (keal/mol) Relative to Ac + Et* of Weakly Bonded C4Hg
Transition Structures

Complexes and Associated

B3LYP/6-31G* RMP2/6-31G*" UMP2/6-31G* RCCSD(T)/ce-pVTZe

structure? AE AEy AE ALy AE ALy AE ALy

PIC! —25.32 —23.46 -19.05 —15.28 —18.46 —14.69 =16.67 —14.81
PpCt —27.21 —25.19 —22.22 —18.49 —21.58 —17.85 —19.55 —17.53
TC* —27.54 —-2532 —22.54 =19.09 —21.94 —18.49 =20.53 —18.30
LC r ~29.58 —-23.54 -21.15 =15.11 —23.17 —17.13
TS1: PpC—TC g g —21.56 —17.98 —20.57 —16.99
TS2: PpC —CC g g —-16.34 —-11.83 —21.88 —-17.37
TS3: LC— CC g g —20.68 —14.38 —24.07 —17.77
TS4: TC—LC g g —20.57 —16.64 —21.30 —17.37
cc —41.06 —36.15 —40.69 —34.08 —39.36 —32.75 —37.04 —32.13
Act + Et 19.93 2087 2231 23.57 2232 23.58 19.22 20.16
Ac+Et*

E —155.541 20 —155.002 72 —155.002 72 —155.242 15

ZPE! 47.55 47.73 47.73 47.55

“ For UMP2 and B3LYP optimized structures, see Figure 2; structures TSx are transition states at UMP2 and B3LYP; all other species are
minima, except where indicated otherwise. * For RMP2, vibrational analysis was not performed; AZPE taken from vibrational analysis at UMP2
level. © Single-point calculations at B3LYP (when these are available) or UMP2 geometries; AZPE taken from B3LYP and UMP2 vibrational
analysis, respectively. ¥ Transition state at UMP2, second-order saddle point at BILYP. ¢ Transition state at BALYP. / Not found at B3LYP. # Not

found at B3LYP and RMP2, * Total energies in hartrees, ' Zero point energies in kcal/mol.

SCHEME 1: Connection of Loosely Bound Complexes,
PpC and TC, to CC on the B3LYP Potential Energy
Surface

H

(TS)

B3LYP IRC calculations show it to be a transition state for CC
automerization. This completes the picture at the B3LYP level
(cf. Scheme 1), but all other methods predict the existence of
another loosely bound species on the C4Hg™" PES, the above-
mentioned linear complex, *CH,CH,CHCH* (LC),3® which is
of the type which corresponds to the most stable complexes in
(017 and (Ac),"+. 3

LC is more strongly bound than TC at the RMP2%7 and
RCCSD(T) levels, but at UMP2, this species is penalized by
the comparatively high degree of spin contamination of the UHF
wave function (-%—= 0.805). Nevertheless, UMP2 predicts
transition states TS3 (—476 cm ') and TS4 (=169 cm ™), which
separate LC from CC and TC, respectively (cf. Scheme 2).*
However, on inclusion of zero-point energies, TS1 disappears,
and at the RCCSD(T) level, the activation energies associated
with all four transition states discussed above disappear. Thus,
the minima predicted by UMP2 seem to be artifacts created by
the tendency of transition states to have higher UHF spin

SCHEME 2: Connection of Loosely Bound Complexes,
PpC, TC, and LC, to CC on the UMP2 Potential Energy
Surface”

.-E--

5.0 /0
BRCNERC e

®@@

“ Structures, see Figure 2. Squarcs represent potential energy minima,
ovals saddle points (crossed ovals: second-order saddle points).

LC: HOMO LC: LuMO
Figure 1. Frontier molecular orbitals of complex LC.
contamination than equilibrium structures. Consequently, Scheme
1 probably represents a PES that is closer to reality than Scheme
2

As in (Et);* and (Ac)"", LC adopts a twisted geometry
(dihedral angle of 116 ),* but in contrast to the above symmetric
complexes, the inherent dissymmetry of the (Et+=*Ac)™" complex
results in a localization of spin and charge on opposite ends of
the molecule. This feature expresses itself clearly in the shape
of the HOMO and LUMO shown in Figure 1, which demon-
strates also that the HOMO no longer has an antibonding
component along the central bond so that this can assume a
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shorter length. This situation is reminiscent of the species LC2
in (Ac)y**, which lies, however, higher in energy than the
corresponding delocalized state, LC1.%

Interestingly, the charge in LC is localized on the acetylene
moiety, although the ethyl radical (IP = 8.12 ¢V)* is casier to
ionize that the vinyl radical (IP = 8.25 ¢V).*! The reason for
this apparent contradiction is that the ethyl cation is substantially
stabilized by hyperconjugation with the methyl group (CH;* is
1.7 eV harder to ionize*? than HyCCH>"); whereas the FMOs in
Figure 1 indicate that this stabilizing interaction is virtually
absent in LC. In view of this, one should compare the ionization
energy of CHs* to that of the vinyl radical (1.6 ¢V in favor of
the latter) to explain the distribution of spin and charge in LC.
In fact, CASSCF(7,8) calculations (at the UMP2 geometry)
predict that the state with exchanged spin and charge lies 54
kcal/mol above the ground state of LC. However, the separation
of spin and charge in the excited state is less distinct than in
the ground state.

A methodologically interesting observation on LC is, that it
does not exist as a stationary point on the B3LYP surface (any
attempt to locate a stationary point corresponding to LC leads
to spontaneous collapse to CC). We had observed previously
the reluctance of DFT models to separate spin and charge in
radical cations,’>* and the same feature appears to be respon-
sible for the inability of B3LYP to model LC: inspection of
the spin and charge distribution from a B3LYP calculation (at
the UMP2 geometry) shows that both are nearly fully delocal-
ized, a fact which expresses itself in the shape of the B3LYP
Kohn—Sham HOMO of LC. Thus, the localization of spin and
charge which seems to be required in the present case to form
a minimum on the PES cannot be modeled with DFT.

Summing up our results on weakly bonded (Et---Ac)"
complexes in Figure 2 and Table 1, we note that none of them
seems to represent a stable species. In (Et)>*" and (Ac),"", the
linear complexes were potential energy minima, but the separa-
tion of spin and charge in the corresponding (Et*+*Ac)*" species
leads to the disappearance of the barriers separating it from more
tightly bound species.

3.2. Tightly Bound Structures. 3.2.]. Spontaneous Re-
laxation to CB. As we have shown above, in the vicinity of
the weakly bonded complexes, the surface of the potential
energy is relatively flat and only feebly structured with shallow
minima and low-lying transition states. Consequently, the
number and nature of these stationary points varies for different
methods. Of the various channels connecting the weak com-
plexes with tightly bound C4Hg'* species, the one leading to
CC turns out to represent by far the most favorable pathway,
with an activation barrier of less than 1 kcal/mol (see Table 1
and Scheme 1). This situation is closely analogous to that
encountered in C4Hy't,*® where we also found a nearly
activationless collapse of a linear complex to a CC-type
structure.

As in C4Hy", CC represents a shallow minimum of C
symmetry with spin and charge located at the formally divalent
carbon atom at UMP2 and B3LYP. At the SCF levels, the C;
form of CC is a very flat saddle point, with negative frequencies
of —34 and —134 cm™!, respectively, connecting two slightly
distorted automeric minima of C; symmetry. However, this
distortion probably represents a case of artificial symmetry
breaking that disappears when correlation is included and is
therefore not relevant for practical reasons.** However, CC must
also be considered as a fleeting intermediate, because it collapses
to CB via transition state TSS (Figure 3) with a UMP2 barrier
of only 0.6 kcal/mol, which furthermore disappears at the
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PPC, Cay T82.C,

TC.Cs TS4,Cs LC.C,

Figure 2. Interconnection and structures of stationary points in the
loosely bound region of the [CoHye++CyHa]*" potential energy surface
by UMP2 (normal face) and B3LYP (bold face). Bond lengths in A,
angles in deg, Center; alternate views of LC and CC.

1.676

TS5.Cy CB. Cy,

Figure 3. Structures of CB and the transition state, TS3, connecting
it to CC (normal, UMP2; bold, B3LYP; bond Iengths in A, angles in
deg).

CCSD(T)ce-pVTZ level (cf. Table 2). Hence, as in C4Hy",
there is no relevant obstacle for the activationless collapse of
Ett + Ac to the four-membered-ring structure, CB.

The rearrangements among the stable CB valence isomers
are described in some detail in a separate publication.” How-
ever, to put the subsequently discussed H shifts into perspective,
we recall three important transition states, TS6 and TS7, for
the conversion of CB to the radical cations of cis- and trans-
BD, respectively, and TS8 for interconversion of the two BD
rotamers (for pictorial representations, see ref 7). Finally, we
should also mention that for stable C4H¢™™ isomers as well as
for some fragmentation products discussed in this study, the
experimental enthalpy differences to Et*" + Ac are available,
and they are in very good agreement with the calculated
RCCSD(T) AH values (see Table 3).

3.2.2. Alternative Rearrangement Paths of Weakly Bonded
Complexes. We have found two other reaction paths leading
from the weakly bonded complexes to stable C4Hg*" isomers.
The first of these represents a [1,3] hydrogen shift in LC, which
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TABLE 2: Energies and 0 K Enthalpies (in kcal/mol) Relative to Ac + Et*" of Tightly Bonded C4Hg " Structures
B3LYP/6-31G* RMP2/6-31G** UMP2/6-31G* RCCSD(T)/cc-pVTZ ¢

structure?® AE AEy AE AE, AE AEy AE AE,
BUI —39.02 —37.32 —29.09 —26.87 —28.83 —26.61 —30.61 —29.10
MCPE —41.16 —3822 —40.12 —35.89 —37.64 —33.42 —34.83 —31.89
BTY —44.38 —40.12 —37.93 —31.67 —37.26 —31.00 —37.22 —32.96
cc —41.06 —36.15 —40.69 —34.08 —39.36 —32.75 —37.04 —32.13
PRC —50.96 —46.66 —44.26 —38.70 —39.98 —34.42 —43.05 —38.74
BU2 —49.68 —46.25 —44.14 —38.64 —41.60 —36.09 —43.22 —39.79
MCPA —55.17 =51.00 —47.40 —42.14 —47.36 —42.11 —45.68 —41.50
CB —63.08 —58.16 —57.76 —51.76 —57.60 —51.60 —55.49 —350.58
MA —69.97 —=06.14 —60.24 —54.34 —56.90 =51.00 —=59.52 —=35.69
cis-BD —84.05 —78.33 —78.57 —71.84 —72.45 —635.72 —74.14 —68.41
trans-BD 87.72 81.98 82.59 73.86 76.67 69.94 77.62 71.88
TS5: CC—CB -39.99 ~34.90 —40.95 —34.43 —38.77 —32.25 -37.23 —32.15
TS6: CB — cis-BD —44.20 —40.08 d —35.80 —30.16 —37.24 —33.12
TS7: CB = trans-BD —40.89 —37.36 d —27.82 —16.30 —36.30 —32.76
TS8: ¢is-BD — trans-BD e —49.55 —41.72 —49.06 —44.23 —49.28 —41.45
TS9: LC — trans-BD e —11.67 —9.13 —11.44 —8.90 —12.78 —10.24
TS10: BUl —LC e —1143 —9.21 —11.39 —9.16 —15.22 —12.99
TS11: BU1 — cis-BD —36.96 —35.50 —28.75 —25.47 —27.90 —24.62 —31.73 —30.27
TS12: BUl —BU2 —34.99 —34.03 d —27.70 —25.93 —29.29 —28.32
TS13: BU2 —MCPA —49.65 —46.34 d —41.39 —36.11 —43.15 —39.84
TS14: BUl —MA —34.89 —33.33 d —19.87 —16.49 —25.62 —24.06
TS15: MA — trans-BD —26.20 —24.04 d —14.39 —10.75 —19.57 —17.41
TS16: CC—BTY —8.97 —6.04 —6.20 —1.22 -1.00 —3.98 ~7.63 —4.69
T817: CC— MCPE —14.92 —12.58 —10.62 —7.00 —10.55 —6.94 -10.18 —=7.84
TS18: cis-BD — PRC —=31.87 —=30.38 —24.44 =21.07 =19.01 —=15.65 —25.83 —=24.00
TS19: PRC —MCPE —40.15 —37.30 —38.79 —34.33 —31.46 —=27.00 —34.88 —32.03

¢ For UMP2 and B3LYP optimized structures, see Figures 3—8; structures TSx are transition states; all other species are minima, unless indicated
otherwise. *¢ See footnotes in Table 1. “Not found at RMP2. “ Not found at B3LYP.

TABLE 3: Experimental and Calculated 298 K Enthalpies (kcal/mol) of C4Hg" Isomers Relative to Et'" + Ac?

trans-BD CB MCPA MCPE CyHs" + H* cyclopropenium + CHs* propargyl + CHs*
expt =73.7+03% =541 + 1.0¢ =400 +£2.57 =335+ 1.7 =20.0/ —18.9¢ +7.0 4+ 1.7
caled’ —73.3 =523 —43.0 —33.1 =210 —17.9 +9.4

< Experimental AH; for isolated fragments (Ac and Et*") is 309.1 kecal/mol.* »From AH; = 26.0 £ 0.2 kcal/mol* and 7, = I, = 9.082 £ 0.004
eV.¥ < From Aly = 37.5 & 0.4 kcal/mol™ and /o) = 9.43 £ 0.02 ¢V.** ¥ From Afl; = 48.0 & 0.4 kcal/mol* and /,; = 9.6 £ 0.1 eV.* ¢ From
AH; = 61.4 £+ (.5 kcal/mol® and 7, = 9.28 + 0.05 ¢V.* [ Assuming C;H;* = methylcyclopropenium; AH; =237 kcal/mol from the apperance
energy of CIls* from 1-butyne radical cation (no error limits given).” ¢ From AH; (cyelopropenium) = 257 keal/mol (no error limits given)* and
AH; (CHy") = 35.1 % 0.2 keal/mol.*! * From AH; (propargyl) = 81 + 1 kcal/mol,*! 7, (propargyl) = 8.67 £ 0.02 eV.** and AH; (CH;") = 35.1
=+ 0.2 keal/mol.>! { RCCSD(T)/ce-pVTZ single-point energies, corrected for differences of ZPE as well as integrated heat capacities to 298 K on

the basis of B3LYP/6-31G* structures and vibrational data.

‘Lw 204

TS9C,

Figure 4. Structures of frans-BD and the transition state, TS9,
connecting it to LC, which only exists on the UMP2 surface (normal,
UMP2; bold, B3LYP; bond lengths in A, angles in deg).

trans-BD Csy,

leads directly to trans-BD, thus bypassing CC. However, the
barrier for this process (cf. TS9O in Figure 4) is over 10 kcal/
mol, in contrast to the decay of LC to CC, which appears to be
activationless (see above). Therefore, this hydrogen shift does
not represent a competitive reaction, in contrast to the case of
the (Et);"* linear complex where it represents the lowest energy
deactivation pathway.!”

The other reaction passes through an intermediate, 3-buten-
3-ylium-1-yl (BUI, see Figure 5), which appears in the form
of two automeric € minima, slightly distorted from C; and
interconnected by a very low-lying symmetric transition state
at all levels. BUI is reached from LC by a [1,2] hydrogen
transfer in the acetylenic part, which results in a stabilization

by about 7.5 kcal/mol. This reaction involves transition state
TS10, which lies 2.4 kcal/mol below TS9 for the above-
described [1,3] H transfer, but it is still nearly 8 kcal/mol above
LC at the RCCSD(T) level.

BU1 is a shallow minimum at UMP2 and B3LYP, but it is
easily transformed to cis-BD by another [1,2] H shift via
transition state TS11, which lies 1—2 kcal/mol above BUI at
these levels. RCCSIXT) single-point calculations even place
TS11 below BUI1, so it may well be that this intermediate does
not exist. Since there is no a priori reason why BUI should
decay preferentially to cis-BD (as found by IRC calculations),
we searched for another transition state leading to trans-BD.
However, we failed to find this, so we assume that there must
be a bifurcation point close to TS11 which effects distribution
of the molecules into the two channels leading to cis- and trans-
BD.

By accident, we found another, much more stable 3-buten-
3-ylium-1-yl type structure, BU2, which ariscs when both pairs
of hydrogens at the terminal carbons of BUI are rotated by
about 90 , whereupon the C1—C2—C3 angle diminishes by
about 40 (see Figure 5). BU2 is a minimum at all levels but—
unlike BUI—does not show any distortion from C, symmetry.
The spin and charge distributions are surprisingly similar in the
two BU species, but they differ, of course, in the orientation of
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Figure 5. Interconnection and structures of stationary points involved

in the transformation of LC to ¢cis-BD or MCPA, respectively (normal,
UMP2; bold, B3LYP; bond lengths in A, angles in deg).

the p-AOs which constitute the SOMO. Despite the close
kinship of the two geometric isomers, all standard methods for
locating the transition state connecting them failed. After
countless trials, a grid of points obtained in the space of two
judiciously chosen internal coordinates led us to a saddle point
(TS12, imaginary modes at —630 and —281 ¢cm™! by B3LYP
and UMP2, respectively) which looks very much like the
expected elusive transition state, but all attempts to relate it to
reactants or products by IRC calculations failed.

On the basis of TS12, the activation enthalpy for the
transofrmation of BU1 to BU2 is, however, less than 1 keal/
mol at the UMP2 and RCCSD(T) levels, so BU1 appears to be
another of these fleeting intermediates on the way to more stable
C4Hg" isomers. On the other hand, BU2 is poised, both from
its C—H connectivities and from the close proximity of the CHz
group to the central allenic carbon, to collapse to MCPA.
Indeed, a slight shortening of this distance leads to a very low-
lying transition state for this process, TS13 (imaginary modes
at —194 and —417 cm™! at BALYP and UMP2, respectively),
which disappears on inclusion of zero-point energies.”* MCPA
itself is a stable product, but, due to the vibronic interactions
which are typical of olefinic radical cations, its symmetry is
reduced from C; in the neutrals by an 35 torsion around the
double bond.

The significance of the sequence of reactions described above
and illustrated in Figure 5 is that it represents the lowest energy
pathway leading to MCPA. Although nearly activationless
processes were shown to lead from the weakly bound complexes
to CB and cis-BD, the intermediate formation of MCPA cannot
be completely discounted on the basis of the present results.
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trans-BD

151.8
156.4

TS15, €,
Figure 6. Interconnection and structures of stationary points involved

in the transformation of BU1 to MA and MA to trans-BD (normal,
UMP2; bold, B3LYP; bond lengths in A, angles in deg).

Another stable species to which BUI can rearrange by a
simple 1,2-hydrogen shift is the 1,2-butadiene (methylallene,
MA) radical cation, which might serve as a direct precursor in
the ultimate fragmentation to C;H;"™ + CHj*. Indeed, a
corresponding transition state, TS14 (see Figure 6, imaginary
modes of —860 and —1545 cm™' at B3LYP and UMP2,
respectively), was found about 5 kcal/mol above BU1. MA
has no symmetry at all levels because of the rotation in the
ionized allene moiety, due to the vibronic interactions which
express themselves in the Jahn—Teller distortion of the parent
allene radical cation. Transition state TS15 (see Figure 6,
imaginary modes of —736 and —774 cm™! at B3LYP and
UMP?2, respectively) for the 1,3-I shift leading from MA to
trans-BD was also located, but the barrier for this process is
over 40 kcal/mol.

3.2.3. Alternative Rearrangements of CC. As mentioned
above, CC represents a metastable intermediate on the way from
Et" + Ac to CB. As in the other cases, we also explored the
reaction channels corresponding to hydrogen shifts in CC. The
first one is for a transfer of a H atom in the three-membered
ring from the CH group to a CH; group. This is accompanied
by ring opening to eventually form BTY.* The concerted
nature of the H shift and ring opening becomes evident from
transition state TS16 (see Figure 7, imaginary modes of —394
and —661 cm! at B3LYP and UMP2, respectively), which
shows that the formation of the new C—H bond occurs
simultaneously to the weakening of the C—C bond that is
eventually broken. However, the activation barrier for that
process is almost 30 kecal/mol, so it is unlikely to be competitive
with the other rearrangements described above. Hence, the
formation of BTY, i.e., a possible precursor to the propargyl
cation, in the Et** + Ac reaction is very improbable.

The same hydrogen atom can be shifted to the exocyclic,
formally divalent carbon to yield MCPA. The transition state
for this reaction (TS17, imaginary modes of —394 and —661
em~! at B3LYP and UMP2, respectively) is very early on the
reaction coordinate, and the only change in the C—C bonds is
the shortening of the exocyclic one, which gives the double
bond in the product. But once again, the activation barrier for
this process (27 kcal/mol at the RCCSD(T) level) is much too
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Figure 7. Interconnection and structures of stationary points involved
in the transformation of CC to MCPA and to BTY, respectively (normal,
UMP2; bold, B3LYP; bond lengths in A, angles in deg).

high to allow this process to compete with the formation of
MCPE via BU1 (see above).

3.2.4. Rearrangements of cis-BD to MCPE. Unless the
observed ultimate fragmentation to C3Hz" + CH3® involves a
concerted loss of CH; and H (which appears unlikely), it requires
a preceding rearrangement of the incipient radical cations
(CHz)2(CH);3 to those with a (CH)3(CHs) pattern of connectivi-
ties. Therefore, we wanted to find the transition states for all
possible H shifts for such rearrangements. We have already
described above two such processes (the one leading from BU1
via TS14 to MA and that leading from CC via TS16 to BTY),
but both are associated with rather high activation barriers and
are unlikely to be competitive with the nearly activationless
decays to CB or BD.

The most obvious such rearrangement involves a 1.4-
hydrogen shift in cis-BD to give a propenylcarbene radical cation
(PRC) that would subscquently collapse to yield MCPE,
certainly a very attractive direct precursor of C:H;™ + CH;™
This pathway has been recognized and explored at the UMP2
level by Keister et al.® We confirmed their findings and went
on to apply our standard methodology to this process. The
results, shown in Figure 8 and Table 2, indicate that it is
associated with a barrier of almost 50 kcal/mol. About 60% of
this is due to the endothermicity of the BD — PRC rearrange-
ment, and the 17 kcal/mol barrier for the reverse process is
mostly due to the fact that the H transfer occurs over such a
large distance that a good part of the CH bond dissociation
energy must be invested before any bonding interaction to the
formally divalent accepting C atom begins to develop.

Transition state TS18 (imaginary modes of —1396 and —1811
em~! at B3LYP and UMP2, respectively) for this rearrangement
shows the expected features of being close to the product, MVC,
and strongly reduced C—C—C angles to maximize the bonding
interactions to the migrating hydrogen atom. As expected (and
found by Keister et al.), PRC is poised for collapse to MCPE,
but due to the strong ring strain which prevails in the latter
compound, this process is endothermic by about 8 kcal/mol.
Transition state TS19 (Figure 8, imaginary modes of —170 and
—379 cm™! at BALYP and UMP2, respectively) lies very close
to MCPE and only 0.05 kcal/mol above it by RCCSD(T)//
UMP2.

Our RCCSD(T)/cc-pVTZ prediction for A¢d of MCPE (from
the data in Table 3) is 276 kcal/mol, in excellent accord with

262

J. Phys. Chem. A, Vol. 102, No. 46, 1998 9303

cis-BD

e

1.232 1.563
1280 0. 1508

1.940

1.784
1285 (1288
1481\ 1287 | 1:288
612
1.428
i) 75.3
T519, Cy
(front view)

Figure 8. Interconnection and structures of stationary points involved
in the transformation of cis-BD to MCPE (normal, UMP2; bold,
B3LYP; bond lengths in A, angles in deg). Bottom: alternate view of
MCPE.

the experimental value of 275.6 & 1.2 kcal/mol given by Keister
et al.® To compare our result with those obtained by UMP2
with a similar basis set, we should consider AE, for the trans-
BD — MCPE reaction, for which we obtain AEy = 40.0 kcal/
mol (experimental AHaoz = 40.5 £ 1.7 keal/mol), as compared
to 35.4 kcal/mol by UMP2. Interstingly, the RMP2/6-31G*
prediction for the same reaction is nearly identical with that
obtained at our reference level of theory. Although this
agreement is perhaps a bit fortuitious, it clearly demonstrates
the problems of UMP2 with rearrangements involving open-
shell species where the UHF wave function shows different
degrees of spin contamination: -$—is nearly 1 in trans-BD
but only 0.78 in MCPE, which clearly puts the former species
at an energetic disadvantage relative to the latter, thus resulting
in a too small isomerization energy. On the other hand, B3LYP
overestimates AEy for this process by about 4 kcal/mol.

We were surprised to find that the equilibrium structure of
MCPE is strongly distorted from the (average) C, symmetry,
which prevails in the neutral (see separate view at the bottom
of Figure 8). As it turns out, the C structure is a transiton
state for interconversion of two €| mimima (over a barrier of
3.5 keal/mol by UMP2). The reason for this distortion can be
traced back to a vibronic interaction between an A’ state and
an A’ 'state, where the unpaired electron occupies the singly
occupied 7-MO (HOMO) or the subjacent antisymmetric g¢—¢
MO (HOMO-1), respectively (see Figure 9). Distortion from
C; symmetry allows these two states to mix. This expresses
itself very clearly in the HOMO at the equilibrium geometry
of MCPE, which really looks like a linear combination of the
two highest occupied MOs in C5. As we have shown in the
example of the CB ring opening, such vibronic interactions are
quite common in radical cations with their low-lying excited
states, and they may have a profound influence on the shapes
of the potential energy surfaces.*
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Figure 9. HOMO and HOMO-1 of MCPE in C, symmetry and HOMO
of the same compound at its nonsymmetric equilibrium geometry (cf.
Figure 8).

3.3. Fragmentation Channels. 3.3.]. Cyclopropenium
Cation (CPR) + CH3*. Apart from the ring opening of CB,
the C4Hg*" PES received the most attention in the literature in
connection with the methyl loss reactions of C4Hg"" ions. There
is every reason to believe that the precursor for this fragmenta-
tion is a C4Hg™" structure carrying a methyl group, because it
is hardly conccivable that a concerted reaction involving C—C
bond breaking accompanied by a hydrogen atom transfer would
be kinetically competitive with simple C—CHs bond cleavage.

Since CPR is the more stable of the two possible C3H;™
structures, MCPE appears to be the most plausible precursor
for the methyl loss reaction. Indeed, it was concluded many
years ago from scattering diagrams for the process Ac** + Et
— [C4H¢* "] — CsH5 + CH5® that the last intermediate on the
pathway to the ultimate fragments should have a structure close
to MCPE.2? This is in accordance with the experimental
evidence (summarized in ref 8) that C4Hg*™ ions of different
structures loose CHs* by prior isomerization to a higher energy
structure, which is usually assumed to be MCPE. Before the
completion of the present paper, Keister et al.® supported this
hypothesis by UMP2/6-311G** calculations. Although we
basically arrived at similar conclusions, we would like to present
our results because our calculations were carried out on a higher
level and we can provide some interesting additional details.

As noted already by Keister et al.,® elongation of the C—C
bond in the course of dissociation of MCPE is not associated
with a monotonic increase in energy. On the way to the
fragments, they encountered a [CPR--CH3y*] ion—molecule
complex whose structure they did, however, not specify. We
found this to correspond to the species C1 in Figure 10, where
the unpaired electron resides in the bonding combination
between one component of the degenerate cycloproprenium
7-MO and the CH3* SOMQO. 1t has a methyl-ring C—C distance
of d = 2.9 A, while the angle a between the plane of the CPR
ring and the methyl carbon is 111 . It is a minimum at all levels
except B3LYP, where it does not exist as a stationary point.
Transition state TS20, which connects MCPE to C1, lies less
than 1 kcal/mol above C1 (slightly more if the ZPE correction
is based on UMP2 frequencies), so this complex is barely
protected from collapse to MCPE.

In addition to C1, we found another [CPR++<CHj3*] complex
in which the methyl radical is positioned in the plane of CPR
(d=34A, =180 ). The bonding in this complex, which is
about 1 kcal/mol more stable than C1, is entirely different from
that which prevails in C1 and corresponds to a hydrogen bridge
between CPR and the p-AO of the methyl radical, similar to
that found in the acteylene dimer cation.’* C2 exists as a
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Figure 10. Structures of [C3Hs*++*CH;'] ion—molecule complexes C1
and C2 and the transition state, TS20, connecting them to MCPE
(normal, UMP2; bold, B3LYP; bond lengths in A, angles in deg).

minimum at all levels including B3LYP, where we also found
a transition state (imginary mode at —94 cm™') which connects
it to MCPE. All attempts to locate this transition state at other
levels failed, so we conclude that C2 is connected to MCPE
via C1. However, we did not consider it expedient to locate
the transition state connecting the two complexes, a task which
would have been quite arduous in view of the flatness of the
potential energy surface and did not promise to provide much
additional insight.

Starting from C1 or C2, the energy rises smoothly to the
dissociation products, CPR + CHj*. Compared to the UMP2
calculations of Keister et al.,® we also achieved a considerable
improvement in the prediction of the threshold for methyl loss
from BD. Relative to #rans-BD, AE; of the dissociation
products is now 53.9 kcal/mol (experimental AHp9s = 55.3 +
0.3 kcal/mol®), compared to 48 kcal/mol by UMP2, which
testifies once more to the problems of UMP2 with spin-
contaminated species. [f we take AFE; relative to the starting
Ett + Ac, then the discrepancy between the RCCSD(T) and
the UMP2 results is much less pronounced (cf. Table 4).

3.3.2. Propargyl Cation (PRG) + CHy". Although CPR is
over 25 kcal/mol more stable than its open-chain isomer,
propargy! cation, PRG, the latter (combined with CH;*) still lies
below Ac*t + Et, the compounds used in the crossed-beam
experiments of Herman et al.2? (note from Table 4 that PRG +
CHy"* lie above Et*T + Ac, but Table 1 gives an energy of +20
kecal/mol for the charge-exchange process). Two CsHg™" isomers
must be taken into account as precursors for this fragmentation,
BTY and MA. However, the transition states for methyl loss
from both ions have a quasilinear structure which is incompatible
with the experimental findings, so we did not pursue these
channels in any more detail. However, we note that the energy
difference between the two C3Hs™ isomers (experimental AFfaog
=259 + 2 kcal/mol) is rather well reproduced by RCCSD(T)
(AEy = 26.8 kcal/mol), whereas MP2 (AE; = 31.4 kcal/mol)
is once more off the mark, in contrast to BALYP (AE, = 25.3
keal/mol).

3.33. C4Hs" + H'. The second fragmentation channel
observed in the crossed-beam experiments of Herman et al.??
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TABLE 4: Energies and 0 K Enthalpies (keal/mol) Relative to Ac + Et* of Structures Involved in the Fragmentation of

C4Hg™
B3LYP/6-31G* (R)MP2/6-31G* UMP2/6-31G* (R)YCCSI(T)ce-pVTZ
structure? AE AEy AE AEy AE AEy AE AEE

MCPE —41.16 —38.22 —40.12 —35.89 —37.64 —33.42 —34.83 —31.89
TS20: MCPE — ClI —25.15¢ —24.4(¢ —25.53 —22.84 —25.28 —22.58 =21.75 —=21.00
C1 e e —26.00 —24.14 —=26.01 —24.15 —22.32 —20.46
C2 (H-bonded) —25.76 —24.82 —26.92 —25.09 —=26.97 —=25.15 —22.55 —=21.61
CPR + CHy' —19.41 —19.81 —=21.20 —=20.96 -21.31 —=21.06 —17.58 —17.97
PRG + CH3* 7.30 5.46 11.65 10.49 11.54 10.38 10.70 8.86
TS21: MCPE — MCPR —18.35 —18.37 —21.86 —=20.73 —=21.30 —=20.17 —13.18 —13.19
MCPR + H*/ —36.78 —38.19 —23.35 —24.76 —19.57 —20.98
CBY + H*/ —16.10 —16.31 —12.35 —12.56 —10.98 —10.58
MEA + H*/ —3.70 —5.98 —10.41 —12.70 —4.08 —6.36

@ For UMP2 and B3LYP optimized structures, see Figures 8—11; structures TSx are transition states,  ZPE differences from UMP2 vibrations.
< ZPE differences from B3LYP. ¢ TS between MCPE and C2, discussion see text. ¢ Not found at BALYP. / With £(H*) = 0.5 hartrees, (hence no

entry for UMP2).

MCPR, C,

Figure 11. Structures of the three most stable C4Hs' isomers, MEA,
CBY, and MCPR (normal, UMP2; bold, B3LYP; bond lengths in A,
angles in deg).

corresponded to loss of atomic hydrogen. Exploratory B3LYP
calculations indicated that only three C4Hs™ isomers are
energetically accessible from Ac** + Et. They correspond to
loss of H* from MCPE, CB, or MA, which yields methylcy-
clopropenium cation (MCPR), cyclobutenium cation (CBY), or
methyleneallene cation (MEA), respectively (see Table 4 and
Figure 11). The last of these structures can be excluded on the
basis of the observed scattering diagrams which can, however,
not distinguish between the former two possibilities.

Our calculated energy of the most stable of these fragments,
MCPR + He relative to Et*" + Ac, is in excellent accord with
experiment (cf. Table 3). However, in contrast to the methyl
loss channels, no ion—molecule complex is involved in hydro-
gen loss, which leads to the replacement of the corresponding
minimum by a transition state (TS21) which lies about 8 kcal/
mol above the fragments, thus implying a corresponding
activation barrier for the reverse process. In view of the nearly
activationless addition of CH;® to CPR and the fact that the
exothermicities of both processes are quite similar (14 vs 11
keal/mol), this result is rather surprising. We found that addition
of H* to CPR, or to the unsubstituted carbon of MCPR, is also
nearly activationless;> therefore, the activation barrier encoun-
tered by H* in the attack at the methyl-substitution site may be
traced to the disruption of the hyperconjugative stabilization of
CPR by the methyl group.

Another way to view this phenomenon is by reference to the
MOs depicted in Figure 9: TS20 and TS21 connect adiabatically
to the ground state of MCPE, where the SOMO is much more
strongly bonding along the CPR—CHj; bond. This expresses
itself also in the elongated exocyclic C(sp?)- -C(sp®) bond in

MCPE. Thus, the transition state for loss of CHs" is closer to
the reactant than that for loss of H*, and hence, the activation
barrier for the former process is smaller.

In view of the fact that TS21 for H* loss from MCPE lies
below the energy of the other possible C4Hs" isomer, CBY (+
H") indicates that the formation of MCPR represents the lowest
energy channel for H* loss. Therefore, we did not pursue the
higher lying pathway leading to CBY + H".

4, Conclusions

This is the last of a series of three papers on the formation,
rearrangement, and subsequent redissociation of ion—molecule
complexes involving ethylene and acetylene.”3* The three
cases we have treated show some similarities, but also some
surprising differences, which demonstrates that general rules
governing the reactivity of radical cations are not as easy to
obtain as in the case of neutral closed-shell molecules. Rather
close analogies can be seen between the behavior of (Ac)""
and the present (Et*+=Ac)" complexes. In both cases, we see
a nearly activationless collapse of the incipient ion—molecule
complex to stable four-membered-ring structures. Although
these arise formally by a 27 + 2 cycloaddition of the reactants,
the actual course of the reaction is, in both cases, a highly
nonconcerted one, leading to several highly metastable inter-
mediates. The last of these is a species which may be regarded
as a cycloprop(en)yl carbene cation (CC).

In the present case, several alternative pathways for the
rearrangement of some of these intermediates were explored,
but they invariably involve rather high-lying transition states
and thus do not appear to compete with the rearrangements
starting from the primary stable product, i.c., the cyclobutene
radical cation (CB). The ring opening of CB to butadiene
radical cation (BD) occurs quite readily (£, 18 kecal/mol?),
but any formation of other stable C4Hg*" isomers with different
C—H connectivities involves much higher activation barriers.
Three such processes were found to lead from cis-BD to
tautomers poised for fragmentation to C3Hs* + CH5', i.e., the
fragments observed in the crossed-beam studies of Herman et
al.>* (see Figure 12).

Two of these processes involve similar barriers of about 45
kecal/mol. The first is a direct 1,4-hydrogen transfer to give an
intermediate best regarded as a propenylcarbene cation (PRC).
The second follows a sequence of two 1,2-H transfers, the first
one to give a distonic radical cation CH,—C*—CH,—CH>*, BUI,
followed by another one yielding methylallene, MA. Instead
of undergoing the second of these H transfers, the intermediate
BUI can cyclize via a very low-lying transition state to the
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Figure 12. Schematic representation of the potential energy surface on which the Et*™ + Ac reaction and the subsequent rearrangements and
fragmentations discussed in this study take place. Energies relative to Et™" + Ac are from single-point RCCSD(T)/ce-pVTZ calculations at B3LYP/
6-31G* geometries, corrected for ZPE differences on the basis of frequencies calculated at the same level (cf. Tables 1—4). Transition states which
lie at lower energies than reactants at this level are indicated by vertical arrows. For details of the region labeled “weakly bonded complexes”, cf.

Schemes 1 and 2 and Table 1.

methylenecyclopropane radical cation, MCPA,which can, how-
ever, not lose CH; in a simple fragmentation process.

Formation of the third C4Hg"" isomer carrying a methyl group,
I-butyne radical cation, BTY, requires much higher activation
and was not considered in detail. Instead, we concentrated on
the methyl loss reaction from PRC which occurs after inter-
mediate cyclization to the methylcyclopropene radical cation,
MCPE, to yield the most stable C3Hs™ isomer, the cyclopro-
penium cation, CPR.  This mechanism is in accord with
experimental observations,*® and it involves formation of a
[CPR+++CH;"] ion—molecule complex which comes in two
forms, C1 and C2, of entirely different nature but very similer
energy. The fragmentation of MA leads to the much less stable
propargyl cation (PRG), and its mechanism was not considered
in detail because it is incompatible with the observed scattering
diagrams.??

Finally, we considered different cleavages leading to C4Hs™
+ H, the other pair of fragments observed in the crossed-beam
studies.>? The most stable C4Hs™ isomer is the methylcyclo-
propenium cation (MCPR), which may be formed readily from
MCPE in a process which does, however, not involve an ion—
molcule complex of any sort. Two other C4Hs" species, the
cyclobutenium cation, CBY, and the methyleneallene cation,
MEA, lie 10—12 kcal/mol higher in energy. They require as
precursors CB or MA, respectively, both of which are accessible
from Et*" + Ac below the dissociation threshold. A reaction
path via MEA may again be excluded, because it is not
compatible with scattering diagrams.
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