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Abstrakt

Pomoci simulaci klasické a ndhodné urychlené molekulové dynamiky byly navrzeny
aminokyselinové zbytky v halogenalkandehalogendze DhaA z Rhodococcus rhodochrous
NCIMB 13064 pro mistné cilenou a saturaéni mutagenezi, ktera poskytla varianty enzymu se
zvysSenou katalytickou uéinnosti pro pfeménu jedovaté slouc¢eniny 1,2,3-trichlorpropanu az 26-
krat ve srovnani s divokym typem DhaA. Vnesené mutace cilily dva krystalograficky
pozorovatelné tunely vedouci do aktivniho mista a zlepsily odstinéni vnotfeného aktivniho
mista od okolniho vodniho rozpoustédla, coz poskytuje vyhodnégjsi prostiedi pro pocéateéni
chemicky krok enzymatického reakéniho cyklu. Kromé téch dvou tunelt byly v rentgenové
krystalové strukture divokého typu enzymu pomoci molekulové-dynamickych simulaci
zjistény dalsi tii cesty a vliv mutaci a chemického stavu aktivniho mista na pristupnost vsech
péti cest byl prozkouman. Ziskané molekulové-dynamické trajektorie byly dale pouzity pro
hodnoceni prechodnych verzi programu CAVER 2.0 slouziciho k vypoétu tuneld. CAVER spolu
s molekulovou dynamikou se tak mohou stat uziteénym nastrojem pro zkoumaéni tunela v
bilkovinach a pro navrhovdni mutaci pro vylepseni jejich funkce, ¢imZz mohou pfispét k
lep§imu pochopeni vztahd mezi strukturou, dynamikou a funkei bilkovin s vnofenym
vazebnym mistem.

Kli¢ova slova: Bilkovina, enzym, halogenalkandehalogenéza, vnotené aktivni misto, tunel,
uvolnéni produktu, vyména vody, molekulové—dynamicka simulace, navrh mutantia, CAVER

Uvod

protoze tyto urychluji specifické chemické reakce (Koshland Jr., 2002b), které by jinak byly
prili§ pomalé pro udrzeni Zivotnich procest (Radzicka a Wolfenden, 1995; Koshland Jr.,
2002b). Pochopeni zakladnich principid Zivota proto vyzaduje hluboké pochopeni funkce
enzymu (Koshland Jr., 2002b). Funkce je dana jeho strukturou a dynamikou (Karush, 1950;
Koshland Jr., 1958; Sullivan a Holyoak, 2008; Kurakin, 2009), proto objasnéni zakladnich
principu enzymatické funkce vyzaduje dikladné pochopeni vysoce komplexnich vztaht mezi
strukturou, dynamikou a funkei pro kazdy jednotlivy enzym. Navic musi byt tyto vlastnosti
uvazovany z evoluéniho hlediska, protoze nic v biologii nema smysl, pokud to neni vniméno z
pohledu evoluce (Dobzhansky, 1964; Koshland Jr., 1976; Woese, 2001). Kazdy jednotlivy
enzym si zaslouzi byt studovédn, protoze kazdy muzZe prozradit dualezité informace o
strukturné-dynamicko-funkénich vztazich (Kendrew, 1962). Ziskané poznatky pak mohou
byt piipadné zobecnény pro nékteré dalsi enzymy potazmo bilkoviny jinych funkeci, uvazime-li
omezeny pocet trojrozmérnych usporadani bilkovin (Chothia, 1992).

o/B-hydrolazové uspoéadani (Ollis a kol., 1992) je jednim z nejvSestrannéjsich (Hegyi a
Gerstein, 1999), protoze podporuje ruzné hydrolytické funkce vcetné hydrolytické
dehalogenace katalyzované halogenalkandehalogendzami (Verschueren a kol., 1993d). Tyto
enzymy piitahuji pozornost védcu vice nez 20 let a to z mnoha duvoda, véetné piislusnosti k
vSestrannému strukturnimu uspoiadani a toho, Ze mohou sehravat dualezitou ekologickou roli
spoéivajici v odstranovdni jedovatych halogenovanych slouc¢enin vnesenych do Zivotniho



prostiedi ¢lovékem (Janssen a kol., 1985). Halogenalkandehalogenazy (EC 3.8.1.5) provadéji
hydrolytickou dehalogenaci halogenovanych alifatickych uhlovodiki na odpovidajci alkohol,
halogenidovy anion a proton v reakci sestavajici se ze t¥i chemickych kroku — bimolekularni
nukleofilni substituce (Sy2), nukleofilni adice a eliminace (Schanstra a kol., 1996b; Bosma
a kol., 2003; Prokop a kol., 2003). Hydrofébni charakter substratu naznacuje dulezitost
vnoreni aktivniho méasta do nitra bilkoviny tak, aby bylo chranéno od vnéj$iho vodného
prostiedi (Koshland Jr., 1976). Zaroven musi byt pro téinnou dehalogenaé¢ni funkci zajisténa
vyména vody, substratu a produktt mezi vnorenym aktivnim mistem a vnéj$im prostfedim
(Koshland Jr., 1995).

Bosma a kol. (2002) izoloval mutanty halogenalkandehalogendzy DhaA, s oznafenim 04
(Cys176Tyr) a M2 (M1+Tyr273Phe), které vykazovaly 2.8krat a 7.8krat zvySenou katalytickou
ucinnost pro preménu 1,2 3-trichlorpropanu (TCP) na 2,3-dichloropropan-1-ol (DCL) a
chloridovy anion (CL). Bosma a kol. (2002) také navrhli, Ze zdména v pozici 176, nachazejici
se v hlavnim tunelu, a kterd je sdilena obéma mutanty, pfispivd k zlepSeni katalytické
uéinnosti zmensenim velikosti dutiny aktivniho mista, ¢imz zvyS$uje déinnost vazby substratu
TCP. V souladu s takto navrzenym vlivem mutace Cys176Tyr nasledné Bosma a kol. (2003)
navrhli na zdkladé nep¥itomnosti kinetického izotopového téinku *H,0, Ze Sy2 krok reakéniho
cyklu je rychlost-limitujicim pii pfeméné TCP divokym typem enzymu DhaA. Banas a kol.
(2006) poznamenali, Ze mutace Cys176Tyr ma za nasledek zmenseni velikosti hlavniho tunelu
a usoudili, Ze tato mutace zptsobuje posun v rychlost-limitujicim kroku z Sy2 reakce na
odchod produktu DCL v dasledku nutného piesmérovani vystupni cesty pro DCL z hlavniho
tunelu do $térbinového tunelu, a doporuédili provést mutagenezi ve Stérbinovém tunelu za
ucéelem dalsiho vylep$eni katalytické uéinnosti enzymu DhaA s TCP.

Jako pokracovani vyzkumu provedeného Bosmou a kol. (2002; 2003) and Bandsem a kol.
(2006), a s cilem lepsiho pochopeni vyménnych procesti v halogenalkandehalogenédze DhaA z
Rhodococcus rhodochrous NCIMB 13064 na atomarni tdrovni, bylo pouzito klasickych
molekulové-dynamickych (MD) simulaci (McCammon a Karplus, 1977) a néhodné
urychlenych MD (“RAMD”; z angl. random acceleration molecular dynamics) simulaci
(Liidemann a kol., 2000a) k navrhu mutaci a mist pro mutagenezi ve vyménnych cestach, k
zjisténi vystupnich cest pro produkty a vymeénnych cest pro vodu, k popisu vzajemnych
interakeci mezi enzymem, produkty a vodou a k interpretaci téchto zjisténi ve svétle
experimentdlnich dat zahrnujicich mutagenezi, dehalogenaéni aktivity, stability
sekunddrnich prvkd, a trojrozmérnych struktur variant enzymu DhaA feSenych metodou
rentgenové krystalografie (RK). Nabyté znalosti strukturné-dynamicko-funkénich vztahu
halogenalkandehalogendazy DhaA byl nasledné vyuzity pii vyvoji programu CAVER 2.0 pro
automatické hledani tuneld ve strukturach bilkovin.

Cile

1. In silico ndvrh mutantu divokého typu enzymu DhaA pro zlepSeni premény
substratu TCP. Cilem bylo poskytnout experimentatorim seznam aminokyselinovych
zbytkl pro nahrazeni, a bylo-li to mozné, doporuéit vhodné zdmény.

2. In silico analyza a interpretace vlivu mutaci na zlepsenou preménu TCP
mutantnimi formami enzymu DhaA. Cilem bylo navrhnout, kterd ¢ast reakéniho cyklu
byla zaménami vylepSena, a navrhnout, jak4 by mohla byt podstata toho zlep$eni.



3. In silico urcéeni cest a mechanismi pro odchod dvou produktu hydrolytické
dehalogenace, tj. DCL a CL, z vnoieného aktivniho mista divokého typu enzymu
DhaA a jeho mutanti. Cilem bylo uréit vSechny potencidlné funkéni cesty pro odchod
produktd a popsat samotny vystupni proces ve smyslu dynamiky interakci mezi produkty,
enzymem a vodou.

4. In silico urceni cest a mechanismi pro vyménu vod mezi vnorenym aktivnim
mistem a povrchem divokého typu enzymu DhaA a jeho mutantu. Cilem bylo uréit
vSechny potencidlné funkéni cesty pro vyménu vod a popsat samotny vyménny proces ve
smyslu dynamiky interakci mezi vodou, enzymem a produkty.

5. Srovnani RK struktur variant DhaA enzymu. Cilem bylo prozkoumat oteviené a
zaviené tunely v téchto strukturach a popsat vliv mutaci na jejich ptristupnost.

6. Testovani prechodnych verzi algoritmu CAVER 2.0 a aplikace CAVER Viewer pro
vypodet cest vedoucich z vnorené dutiny na povrch ve strukturiach proteinui. Cilem
bylo poskytnout vyvojaiam algoritmu a aplikace zpétnou vazbu ohledné vérohodnosti cest
nalezenych algoritmem CAVER 2.0 a na uzivatelskou privétivost grafického uzivatelského
rozhrani programu CAVER Viewer.

Metody

Vyzkum halogenalkanehalogendzy DhaA byl multidisciplinarni, vyzadujici uzkou spolupraci
odborniki z ruznych oblasti védy o bilkovindch: manipulace s DNA, mistné-cilena
mutageneze, saturaéni mutageneze, exprese bilkovin, purifikace bilkovin, spektroskopie
cirkularniho dichroismu, méfeni specifické enzymatické aktivity, méieni rovnovdzné a
nerovnovazné kinetiky, méfeni kinetického izotopového ucinku rozpoustédla, RK bilkovin,
vypoéty molekulového dokovani, MD simulace a RAMD simulace. VSechny experimentalni
ukony byly provedeny mymi spolupracovniky pod vedenim dJifitho Damobrského, Yujiho
Nagaty, Michala Kutého a Ivany Kuté-Smatanové, zatimco vSechny tukony metodami
molekulového modelovani byly provedeny mnou pod vedenim Jifiho Damborského a Rebeccy
C. Wade. Program CAVER 2.0 byl vyvijen ve spolupraci s odborniky z oblasti molekulového
modelovani a bioinformatiky vedenych Jifim Damborskym a s odborniky z oblasti poéitacové
grafiky a interakce ¢lovéka s po¢itacem vedenych Jitim Sochorem.

Experimenty

Nukleotidova sekvence genu dhaA lokalizovaném na plasmidu pRTL1 (pfistupové ¢islo pro
GenBank: AF060871) bakterie Rhodoccocus rhodochrous NCIMB 13064 (Kulakova a kol.,
1997) byla upravena pridanim restrikénich mist BamHI and HinDIII, Shine-Dalgarnova
sekvence (Shine a Dalgarno, 1975) a Sesti kodonu pro His metodou PCR pomoci
syntetickych oligonukleotidovych primera k tomu navrzenych. Gen dhaAHis v plasmidu
pUC18 a pAQN byl pouZit jako podateéni vzor pro mutagenezi. Mistné-cilend a saturaéni
mutageneze byla provedena metodou obracené PCR (Ochman a kol., 1988; Triglia a kol.,
1988) pomoci syntetickych oligonukleotidovych primera k tomu navrzenych (Tab. 1 a 2). Dvé
podknihovny A a dvé podknihovny B byly zkombinovany do knihoven A a B. Vysoce kapacitni
prohledani knihoven pro zvysenou aktivitu variant DhaA enzymu s TCP byl proveden v



mikrotitra¢nich destickach s fenolovou ¢erveni, ktera detekuje pokles pH, jez je dusledkem
tvorby protonu pii hydrolytické dehalogenaci TCP. Nukleotidové sekvence genu dhaA byly
urceny pro 51 nejaktivnéjsich variant metodou dideoxyterminaéniho sekvencovani.

Substratova specifita divokého typu DhaA a mutanta s nejvyssi aktivitou vaéi TCP (¢. 31)
byla méfena sledovanim uvolnénych halogenidovych anionti Iwasakiho metodou (Iwasaki a
kol., 1952). Rovnovazné kinetické konstanty, k... a K,, pro pfeménu TCP divokym typem
DhaA a mutanty M2, M3, 04, 14, 15, 21, 27, 31, 51, and 52 byly zjiStény méfenim pocatecni
rychlosti reakce podle jiz d¥ive popsaného postupu (Chaloupkova a kol., 2003): koncentrace
substratu byla uréena plynovou chromatografii, dehalogenaéni reakce byla provedena pti 37
°C a zastavena pridanim metanolu v ¢ase 10 a 20 min nebo 15 a 30 min; méfeni v jednotlivych
¢asovych bodech byla provedena 2krat az 3krat; koncentrace halogenidového iontu byla
uréena Iwasakiho metodou. Rychlost-limitujici krok reakéniho cyklu dehalogenace TCP
divokym typem DhaA a mutantem ¢é. 31 byl uréen pii 37 °C kombinaci dvou piistupa: (1.)
kineticky izotopovy tucinek rozpoustédla uréeny méfenim dehalogenaéni aktivity pfi
vzrastajici koncentraci 2H,O z 0 na 100% a (2.) predrovnovaziné kinetické experimenty
technikou “rapid quench-flow”.

Charakteristicky otisk sekundérni struktury byl uréen naméienim spekter cirkularniho
dichroismu ve vzdalené UV oblasti svétla, a to pro divoky typ DhaA a mutanty ¢é. 04, M2, M3
a pro Sest nejaktivngj$ich mutant ziskanych prohleddnim knihoven A (mutanty ¢. 17, 19 a
21) a B (mutanty ¢. 27, 31 and 33), a mutantta ¢. 51 a 52. RK struktury byly vyreSeny pro
mutanty é. 04 (PDB kéd: 3FBW), 14 (PDB kéd: 3G9X) a 15 (PDB kéd: 3FWH) do vysokého az
atomového rozliSeni 1,23, 0,95 rs. 1,22 A; RK struktura DhaA z bakterie Rhodococcus sp.
(PDB kéd: 1BN6) a mutanta €. 15 byly pouzity jako vychozi modely pro molekulové nahrazeni
(Stsiapanava a kol., 2008).

Tab. 1 | Mistné-cilena mutageneze.

Vzor Primery (5'- 3")*" Vysledek Vnesena

mutace?

pUC18::dhaAHis ~ TACGTCGTCCGT CCGCTTAC™ pUC18::dhaA04His Cysl176Tyr
TTTCGGGAGCGCACCCTC™

PAQN::dhaAHis GGAATTCATCCGGCCTTITCCCGACGTGG"Y pUC18::dhaAl4His Ile135Phe
CCACGTCGGGAAAGGCCGGATGAATTCC™

PAQN::dhaA04His GGAATTCATCCGGCCTITCCCGACGTGG™ pAQN:dhaAl5His Ile135Phe
CCACGTCGGGAAAGGCCGGATGAATTCC™

PAQN::dhaA04His TTCCTCCAGGAAGACAACCC™ PAQN:dhaAM2His Tyr273Phe
GTGCAATCCCGGGGC™

PAQN::dhaAM2His GGACGAATTTCCGGAATTCG™ PAQN::dhaAM3His Trpl41Phe
CACGTCGGGATAGGCC™

pAQN::dhaA31His TTCCTCCCGAAATACGTCGTCC™ PAQN:dhaA51His  Alal72Phe
ACCCTCGATGAAAGCGTTCTG"™

PAQN::dhaA51His TTCCGTGAGACCTTCCAGGC™ PAQN::dhaA52His Alal45Phe

GAATTCCGGCCATTCGTCCC™
*Vnesené mutace jsou zvyraznény tucné a podtrzenim.
bfw — doptedny primer; rev — zpétny primer.




Tab. 2 | Saturaéni mutageneze.

Vzor Primery (5'- 3)*™° Vysledek Vnesena

mutace®

PAQN::dhaAM2His GGCCTNNKCCGACGTG™ PAQN::dhaAsub-libraryA1His  Ile135X
GGATGAATTCCATACATGCAATAC™

pAQN::dhaAM2His NNKATCCCCCCGGCCGAAG™ PAQN::dhaAsub-libraryA2His  Val245X

MNNGCCGGGTGTGCCCCAG™ Leu246X

PAQN::dhaAM3His GGCCTNNKCCGACGTG™ PAQN::dhaAsub-libraryB1His  Ile135X
GGATGAATTCCATACATGCAATAC™

pAQN::dhaAM3His NNKATCCCCCCGGCCGAAG™ PAQN::dhaAsub-libraryB2His  Val245X

MNNGCCGGGTGTGCCCCAG™ Leu246X

*Vnesené mutace jsou zvyraznény tu¢né a podtrzenim.

"N = A, G, C nebo T; K = G nebo T; M = A nebo C.

‘fw — dopfedny primer; rev — zpétny primer.

4X — kterakoliv z 20ti standardnich aminokyselinovych zbytk.

Molekulové modelovani

RK struktura DhaA z bakterie Rhodococcus sp. (PDB kéd: 1CQW) byla zkracena o pét
aminokyselinovych zbytki na C-konci, preéislovana dle genu dhaA a upravena tiemi
zaménami (Vall72Ala, Ile209Leu a Ala292Gly) pomoci programu PYMOL 0.97 (DeLano,
2002), ¢imz byla zrekonstruovdna struktura DhaA z bakterie Rhodococcus rhodochrous
NCIMB 13064 (divoky typ DhaA), ktera byla pouzita v experimentech. Struktura divokého
typu DhaA slouzila jako vzor pro zamény aminokyselinovych zbytkti pomoci programu
PYMOL; takto byly pfipraveny struktury mutanta €. 04, 14, 15, 21', 27', 31', 51' a 52'. Tyto in
silico mutanty odpovidaji mutantim ziskanym mistné-cilenou a saturaéni mutagenezi dle
¢isel, kromé neptitomnosti mutace Tyr273Phe v in silico mutantech s ¢arkou. Trojrozmérné
modely (R)-2,3-dichlorpropan-1-olu (R-DCL), (S)-2,3-dichlorpropan-1-olu (S-DCL) a TCP byly
postaveny pomoci programu PYMOL a geometricky upraveny pomoci programu MOPAC 2000
(Stewart, 1990) a GAUSSIAN 94 (Frisch a kol., 1994). Casteéné atomové néboje byly
ptifazeny pomoci RESP (Bayly a kol., 1993; Cornell a kol., 1993) modulu programu AMBER
8 (Case a kol., 2004) tak, aby reprodukovaly elektrostaticky potencial vypoéitany programem
GAUSSIAN.

Pocéatecéni orientace substratu TCP a produktd R-DCL a S-DCL v aktivhim misté
divokého typu DhaA s nebo bez CL byly modelovany pomoci programu AUTODOCK 3.0.5
(Morris a kol., 1998). Ziskané orientace pro R-DCL a S-DCL byly pouZity i pro mutanty.
Klasické vyrovnavaci MD simulace byly provedeny pro divoky typ DhaA a mutant 31' v
komplexu s TCP, a pro vSechny varianty DhaA s R-DCL nebo S-DCL a s/bez CL, a to pomoci
programu AMBER 8 s vyuzitim Cornellova silového pole 1994 (Cornell a kol., 1995; Cornell
a kol., 1996). Na vyrovnavaci MD simulace komplexti enzym-substrat navazovaly produkéni
klasické MD simulace pii 300 K a po dobu 2 ns s pomoci stejnych parametra jakych bylo
pouzito pro vyrovnavaci MD simulace. Na vyrovnavaci MD simulace komplexi enzym-
produkt(y) navazovaly produkéni RAMD simulace.

RAMD simulace (Liiddemann a kol., 2000a) je MD technika zvyseného vzorkovani, ktera
umoziiuje simulovat vypuzeni ligandu z vnofeného aktivniho mista enzymu na povrch v
dosazitelnych vypoéetnich ¢asech (Liidemann a kol., 2000a; Winn a kol., 2002; Wade a kol.,
2004; Schleinkofer a kol., 2005; Wang a Duan, 2007). RAMD simulace se podoba klasické
MD simulace s tim rozdilem, ze v RAMD simulaci se navic pouziva piidatné sily, ktera ptasobi
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uzivatelem se vzdalenost, kterou ligand ucestoval porovna s hodnotou parametru hraniéni
vzdalenosti. Pokud ligand nedoséhl hrani¢ni ¢i vétsi vzdalenost, je vybran novy nahodny smér
pro pusobeni pridatné sily; v opaéném piipadé je smér pusobeni pridatné sily zachovan. Tento
proces je opakovan tak dlouho, dokud ligand neni uvolnén do okolniho rozpoustédla nebo
dokud neni dosazeno maximélniho ¢asu simulace. RAMD simulace byly provedeny pro odchod
DCL u vSech variant DhaA, a to pomoci modulu Sander programu AMBER 8 s vyuzitim
zaplaty RAMD (http:/projects.villa-bosch.de/mcem/software/amber). Celkem bylo ziskdno 86
RAMD trajektorii. Zadny rozdil v upfednostiiovani odchodu rtznymi cestami nebo v
mechanismu odchodu nebyl pozorovan pro R- a S-enantiomery DCL. Proto byly R-DCL and S-
DCL dale povazovany pouze jakozto poskytujice riznorodost MD trajektorii. U divokého typu
DhaA byly RAMD simulace provedeny také pro odchod DCL v piitomnosti CL v aktivnim
misté, ale tyto simulace nebyly dale rozsiteny pro mutanty z divodu vyrazné snizeného poétu
pozorovanych odchoda DCL.

Programové InZenyrstvi
Prechodné verze algoritmu CAVER 2.0 byly testovany formou pluginu pro PYMOL, a to na RK
strukturach DhaA z bakterie Rhodococcus sp. (PDB kody: 1CQW a 1BN6) a na vybranych
snimcich z MD simulaci divokého typu DhaA a jeho mutantd. Vypoéitané tunely byly
porovnavany s manudlné uréenymi tunely. Vérohodnost vysledka poskytnutych prechodnymi
verzemi algoritmu CAVER 2.0 a spravna funkénost pluginu pro PYMOL byly vyhodnocovany
a nahldsovany vyvojaram algoritmu.

Grafické uzivatelské rozhrani aplikace CAVER Viewer bylo navrzeno a prechodné verze
aplikace byly testovany pro zakladni funkénost. Pozorované problémy a navrhy na zlepSeni
uzivatelského pohodli byly nahlasovany vyvojaiam aplikace.

Vysledky

In silico navrh mutanta DhaA pro zlepseni premény TCP

Klvana M., Pavlovd M., Prokop Z., Chaloupkova R., Banas P., Otyepka M., Wade R. C., Nagata Y. a
Damborsky J. (2009). Redesigning dehalogenase access tunnels as a strategy for degrading an
anthropogenic substrate. Nat. Chem. Biol. 5: 727-733.

Kandidati pro mutagenezi byli vybrani z aminokyselinovych zbytka lemujicich pFistupové
tunely na zakladé RAMD simulaci odchodu DCL v divokém typu a mutantu ¢. 04 (Obr. 1).
Vybrané aminokyselinové zbytky se nachazeji podél cesty odchodu DCL hlavnim tunelem, pl
(Cys176), slotovym tunelem, p2a (Trpl41, Ile135 and Leu246), a podél obou tunela (Val245).
Trpl41Phe byl navrzen k vneseni do mutanta M2, ¢imz byl ziskdn mutant M3. Mutanty M2 a
M3 pak poslouzily jako vzory pro satura¢ni mutagenezi v pozicich Ile135+Val245+Leu246,
vedouci ke knihovnam A (2568 klonu) a B (2,705 klont).
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Obr. 1 | Kandidati pro mutagenezi. DhaA je zobrazena stuhou obarvenou dle domén: hlavni Sedé a ¢epickova
bile. Cesty odchodu DCL jsou zobrazeny modelem povrchu: pl odpovidd cestou hlavnim tunelem; p2a
odpovida cestou Stérbinovym tunelem. Aminokyselinové zbytky vybrané pro mutagenezi jsou zvyraznény
kulickami a ty¢kami.

Analyza a interpretace vlivu mutaci na zlepSenou pieménu TCP mutantnimi
formami DhaA
Klvaria M., Pavlovd M., Prokop Z., Chaloupkova R., Banas§ P., Otyepka M., Wade R. C., Nagata Y. a

Damborsky J. (2009). Redesigning dehalogenase access tunnels as a strategy for degrading an
anthropogenic substrate. Nat. Chem. Biol. 5: 727-733.

Klvana M., Pavlova M., Koudeldkova T., Chaloupkova R., Dvotdk P., Prokop Z., Stsiapanava A., Kuty M.,
Kutda-Smatanova 1., Dohndlek J., Kulhdnek P., Wade R. C. a Damborsky J. (2009). Pathways and
mechanisms for product release in the engineered haloalkane dehalogenases explored using classical and
random acceleration molecular dynamics simulations. JJ. Mol. Biol. 392: 1339-1356.

Prohledani knihoven satura¢ni mutageneze DhaA pro zvysSenou aktivitu s TCP odhalilo t#i
vyrazné nejlepsi mutanty, a to ¢. 27 and 31 z knihovny A a €. 21 z knihovny B. Vsechny tii
mutanty sdili mutace Val245Phe a Leu246lIle a lisi se v pozici 135. Katalyticka ucinnost
mutanti ¢. 21 (s mutaci Ile135Val), 27 (s mutaci Ile135Leu) a 31 (s mutaci Ile135Phe),
kvantifikovdna pomérem k../K., byla 12-, 23- a 26-krat vy$si ve srovnani s hodnotou 36 s* M™!
u divokého typu DhaA. RAMD simulace vyloudily odchod produktu jako mozny zdroj zlepSeni
aktivity v mutantech, protoZe nejaktivnéjsi mutant ¢é. 31' byl nejméné poddajny k odchodu
DCL. Klasické MD simulace s TCP ukazaly, ze aktivni misto divokého typu DhaA je snadno
pristupné pro molekuly vody z vnéjsiho prostiedi, a Ze vzrustajici po¢et molekul vod v
aktivnim miste soupetil s TCP pro interakci s nukleofilem Aspl06. Oproti tomu, objemné
aromatické zadmény v pristupovych tunelech mutanta ¢é. 31' odstinily aktivni misto od vnéjsiho
rozpoustédla v ramci MD simulace trvajici 2 ns (Obr. 2). Méfieni kineticky izotopového tc¢inku
*H,0 a predrovnovazné kinetické experimenty ukdzaly, Ze rychlost-limitujici krok u mutanta
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31 se zménil z Sy2 reakce na odchod produktu, tj. v souladu se simulacemi. Piidatné
aromatické zamény v hlavnim tunelu, Alal72Phe a Alal72Phe+Alal45Phe, jiz nevedly k
dalsimu zvySeni aktivity DhaA mutantta s TCP.

Obr. 2 | Vliv pfistupnosti aktivniho
mista pro molekuly vody z okolniho
prostfedi v divokém typu DhaA a
mutantu ¢. 31' na tvorbu reaktivniho
komplexu (“NAC”, z angl. Near Attack
Conformation) s TCP v klasickych MD
simulacich. (a) Pfistupnost aktivniho
mista pro vodu z vnéjstho prostredi;
aktivni misto divokého typu je
piistupné pro vodu (Gervené); aktivni
misto mutanta 31' je nepiistupné,
pouze strukturni molekuly vody jsou
pfitomny na nékolika mistech uvnitt
enzymu (modie); koule predstavujici
molekuly vody maji polomér 0.5 A a
jsou centrované na stfed atomu
kysliku. (b) NAC populace
(ordmovano) pro TCP v divokém typu
DhaA (Cervené) a v mutantu ¢ 31'
(modie) v MD simulacich; snimky
zobrazené v obrazku d jsou oznaceny
0 — 0 —— (. (c) Vyvoj vzdalenostniho
v NAé vzd:lenosat (A310 * °t NA; vzd:lenosst (A310 * parametru  NAC ~dvou ~ reagujicich
atomi béhem MD simulaci; snimky
zobrazené v obrazku d jsou oznaceny
(8). (d) Snimky z MD simulaci
nereaktivniho uspordadani TCP v
divokém typu DhaA s vodami
soupeficimi o nukleofii a NAC
usporadéani pro TCP v mutantu ¢. 31';
nepoldarni vodikové atomy nejsou
zobrazeny pro lepsi prehlednost.

NAG thel ()
NAG thel ()

60

—_
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Cesty a mechanismy odchodu produkti a vymény vody v divokém typu DhaA a jeho
mutantech

Klvana M., Pavlovd M., Koudelakova T., Chaloupkova R., Dvotrdk P., Prokop Z., Stsiapanava A., Kuty M.,
Kuta-Smatanova I., Dohnalek J., Kulhanek P., Wade R. C. a Damborsky J. (2009). Pathways and

mechanisms for product release in the engineered haloalkane dehalogenases explored using classical and
random acceleration molecular dynamics simulations. JJ. Mol. Biol. 392: 1339-1356.

Cesty pro odchod produkti (DCL a CL) a vyménu vod v divokém typu DhaA a osmi
mutantech byly podrobné prozkoumany. Klasické MD trajektorie byly prozkoumény pro
samovolny odchod produktd a vyménu vod mezi aktivnim mistem a vnéj$im prostiedim.
Celkem byla pozorovana jedna cesta pro CL (pl), Zadn4 cesta pro DCL a pét cest pro vodu (p1,
p2a, p2b, p2¢, and p3). Dalsi sada MD simulaci byla provedena s CL zaménénym za molekulu
vody za ucelem modelovani systému po odchodu halogenidového aniontu z aktivniho mista.
MD trajektorie byly prozkouméany pro samovolny odchod DCL a vyménu molekul vod. Celkem
byly pozorovany tii cesty pro molekuly vody (pl, p2a, and p2b), zatimco odchod DCL nebyl
pozorovan v zadné klasické MD simulaci, ospravedlnujic tak uziti RAMD simulaci k podpoie
odchodu DCL. RAMD simulacemi byl pozorovian odchod DCL v divokém typu a mutantech
celkem péti raznymi cestami — p1, p2a, p2b, p2¢, and p3 (Obr. 3). Cesty ukazaly zavislost na
druhu ligandu (Obr. 4). Rovnéz byly zjistény rtzné mechanismy vymény ligandd mezi
vnofenym aktivnim mistem a vnéj$im prostiedim (Obr. 5 and Tab. 3).

Obr. 3 | Cesty pro odchod DCL u
variant DhaA. Cesty jsou znazornény
modelem povrchu a ptilozeny na RK
strukturu DhaA z bakterie
Rhodococcus sp. (PDB kéd: 1CQW).
Tloustka stuhy odpovida
krystalografickym B-faktorum,
vyjadfujicim pohyblivost. Proménné
aminokyselinové zbytky u variant
DhaA jsou znézornény c¢ernymi
koulemi a oznadeny potadovym éislem
v proteinové sekvenci. pl a p2a
odpovidaji hlavnimu a §térbinovému
tunelu. NC-smycka — N-koncova
smycka Cepickové domény; CC-smycka
— C-koncova smycka éepi¢kové domény.
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Obr. 4 | Nazorné zobrazeni cest ligand u variant DhaA. (a) Cesty pro CL pozorované v klasickych MD
simulacich; (b) cesty pro DCL pozorovanych v RAMD simulacich; (e) cesty pro molekuly vody pozorovanych v
klasickych MD simulacich. Sipky ukazuji smér prichodu ligandt v tunelech (p1, p2a, p2b a p2c pro DCL a
vodu a p3 pro DCL) nebo matrix proteinu (p3 pro vodu); pl — hlavni tunel; p2a — §térbinovy tunel.

c6 ¢
CHCHC
CRCRC

Obr. 5 | Nézorné zobrazeni tfi mechanismi vymény ligandi mezi
vnofenym aktivnim mistem DhaA a vnéj$im prostiedim. (a) Prachod
ligandu trvale otevienym tunelem; (b) prichod ligandu piechodné
otevienym tunelem; (¢) pruchod ligandu skry matrix proteinu. Protein a
ligand jsou zobrazeny Sedé a Cervené. Oblast matrix proteinu s nizsi
hustotou jsou zvyraznény svétle Sedé, ¢asti s vyssi hustotou pak éerné.
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Tab. 3 | Vyskyt mechanismi vymény ligandi mezi vnofenym aktivnim mistem a vnéjSim
prostiedim u divokého typu (wt) DhaA a osmi mutantti v MD simulacich.

Ligand Cesta Tunel Matrix
Trvaly Piechodny proteinu
Klasicka MD
CL pl wt 15 -
p2a - — —
p2b — - —
p2c — - -
p3 - - -
Voda pl wt, 14 04, 15, 21', 27', 31, 52' —
p2a — 04, 27 —
p2b - wt, 04, 14, 15, 27', 31, 51', 52" -
p2c — 04 —
p3 - - 21'
RAMD
DCL pl wt, 14 04, 15, 21', 27, 31', 51, 52' —
p2a - wt, 04 -
p2b - 27 -
p2c — 21' —
p3 - wt, 27' _

Strukturni charakterizace tfi mutanta se zménénymi tunely

Klvana M., Pavlova M., Koudeldkova T., Chaloupkova R., Dvotdk P., Prokop Z., Stsiapanava A., Kuty M.,
Kuta-Smatanova 1., Dohnalek J., Kulhanek P., Wade R. C. a Damborsky J. (2009). Pathways and
mechanisms for product release in the engineered haloalkane dehalogenases explored using classical and
random acceleration molecular dynamics simulations. JJ. Mol. Biol. 392: 1339-1356.

RK struktury mutanta ¢. 04 (PDB kéd: 3FBW), 14 (PDB kéd: 3G9X) a 15 (PDB kéd: 3FWH)
byly urc¢eny do vysokého az atomového rozliSeni (Stsiapanava a kol., nepublikované vysledky).
Mutantni struktury byly srovnany s RK strukturami DhaA z bakterie Rhodococcus sp.
dostupnych v PDB databézi (Newman a kol., 1999). Tato analyza ptinesla experimentalni
dikaz vlivu zdmén aminokyselinovych zbytku v hlavnim tunelu (mutant ¢. 04), §térbinovém
tunelu (mutant ¢. 14) a obou tunelech (mutant ¢ 15) na piistupnost aktivniho mista a
mechanismy vymény liganda pozorovanych v MD simulacich (Fig 6). Hlavni tunel je otevieny
pouze v RK strukturach variant DhaA nesoucich Cys176 divokého typu. étérbinovy tunel je
otevien pouze ve struktufe 1BN6 a to v dusledku ptitomnosti odli$nych rotamert postrannich
fetézct aminokyselinovych zbytka Ile135 a Arg133 spolu s posunem hlavniho fetézce péti
aminokyselinovych zbytkd NC-smycky (133-ArgProlleProThr-137) o 0.8 A ve srovnani se
strukturami 1CQW a 1BN7. stérbinovy tunel ve strukturach 1CQW a 1BN7 je reprezentovan
jen izolovanou dutinou obsahujici dvé molekuly vody. Vneseni objemné zdmény Ile135Phe v
RK strukturdch mutantt ¢é. 14 a 15 vedlo k jesté vétsimu omezeni piistupnosti Stérbinového
tunelu.
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(d) (e)

Obr. 6 | RK struktury DhaA a jeho mutantu v poiadi dle ptistupnosti jejich aktivniho mista hlavnim (p1} a
§térbinovym (p2a) tunelem. (a) DhaA z Rhodococcus sp. (PDB kéd: 1BN6) s otevienym hlavnim i
§térbinovym tunelem; (b-d) DhaA z Rhodococcus sp. (PDB kéd: 1CQW), DhaA z Rhodococcus sp. (PDB kéd:
1BN7) a mutant ¢. 14 divokého typu DhaA z Rhodococcus rhodochrous NCIMB 13064 (PDB kéd: 3G9X) s
otevienym hlavnim a uzavienym §térbinovym tunelem; (e-f) mutant ¢ 04 divokého typu DhaA z
Rhodococcus rhodochrous NCIMB 13064 (PDB kéd: 3FBW) a mutant ¢. 15 divokého typu DhaA z
Rhodococcus rhodochrous NCIMB 13064 (PDB kéd: 3FWH) s uzavienym hlavnim i §térbinovym tunelem.
Struktury proteint jsou zobrazeny formou fezu modelem povrchu; tunely a dutiny jsou zbarveny tmavé Sedé.

Vyvoj programu CAVER 2.0 pro vypocet tunelu ve strukturach proteina

Andres F., Benes P., Brezovsky J., Chovancova E., Jasa P., Klvana M., Kozlikova B., Medek P., Pavelka A.,
Szabé T., Zamborsky M., Zruban M. (in alphabetical order), Sochor J. a Damborsky J. (2009). CAVER 2.0:
tunnel calculation program. Human Computer Interaction Laboratory and Loschmidt Laboratories (in
alphabetical order), Masaryk University, Brno, Czech Republic. http://www.loschmidt.chemi.muni.cz/caver

CAVER 2.0 poskytuje rychlé, presné a automatické vypocitani tuneld vedoucich z vnorené
dutiny na povrch ve strukturnich modelech proteint, nukleovych kyselin i anorganickych
materidla. Vérohodnost tunelt urcenych pfechodnymi verzemi algoritmu CAVER 2.0 byla
testovana opakované na sadé struktur proteint zahrnujicich snimky z MD simulaci divokého
typu a osmi mutanti (Obr. 7). A¢ mohou byt oteviené tunely snadno uréeny manualnim
prozkouménim struktur proteint zobrazenych modelem povrchu, napi. v programu PYMOL,
CAVER ptinasi fadu vyhod: (1.) pfesnost v nalezeni tunelu liSicich se mistem vyudsténi na
povrch (Obr. 7); (2.) automatizace; (3.) rychlost, umoznujic zpracovani velkého mnozstvi

struktur v kratkém case; (4.) uréeni aminokyselinovych zbytkt a konkrétnich jejich atomu,
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které lemuji dany tunel; (5.) uréeni Sifky tunelu v ruznych mistech podél tunelu, coz
umoznuje urcit hrdla tunelu; a (6.) uréeni tuneld, které jsou nepozorovatelné manualnim
prohlédnutim struktur, ale které by se mohly pfipadné otevirat pro prichod ligandu v
dusledku dynamického chovani proteinu v ¢ase (Obr. 7a, 7d a 7e). Znamé omezeni soucasné
verze algoritmu CAVER je selhani ve schopnosti nalézt jeden ze dvou tunelu sdilejicich jedno
usti na povrch (Obr. 7d a 7e), Tento problém je dusledkem zahrazeni usti tunelu po nalezeni
prvniho ze dvou tuneld, coz je souéasna strategie pro hledani dvou ¢i vice tunelad.

Dnem 14. 11. 2009 bylo registrovano pro plugin CAVER 2.0 pro PYMOL 2174 uzivateli;
webova presentace CAVER byla navstivena ze 15013 ruznych IP adres.

Obr. 7 | Tunely ve snimcich z MD simulaci DhaA uréenych v programu PYMOL manudlné a automaticky
pomoci pluginu CAVER 2.0. (a) Otevieny tunel pl a p2a v mutantu ¢&. 27'; (b) otevieny tunel pl a p2b v
mutantu ¢. 27'; (¢) otevieny tunel pl a p2c v mutantu €. 04; (d) otevieny tunel p2a a p2b v mutantu é. 04; (e)
otevieny tunel pl, p2a a p2b v mutantu ¢. 04. Pét tunelti bylo napoéitdno pro kazdou strukturu. Poc¢ateéni
bod vypoétu byl stanoven jako stied tii atomi: atom Ns; aminokyselinového zbytku Asn4l, atom Og
aminokyselinového zbytku Aspl06 a atom N aminokyselinového zbytku Trpl07. VSechny oteviené tunely
byly uréeny pomoci pluginu CAVER 2.0 pro struktury v obrazcich a, b and c. Tunel p2b v obrazku d a tunel
p2a v obrazku e nebyl nalezen pluginem CAVER 2.0 v dusledku spoleéného usti s tunelem p2a rs. p2b. V
obréazcich a, d a e ur¢il CAVER 2.0 dalsi tunely (p2¢, pl a p2c¢, rs. p2¢), které byly uzavieny v danych snimcich,
ale o kterych je zaroven znamo, Ze se oteviraji v MD simulacich. Struktury proteinu jsou znazornény ¥ezem
modelem povrch; tunely jsou zbarveny tmavé Sedé. Tunely nalezené pluginem CAVER 2.0 jsou zobrazeny
modelem miizky a zbarveny dle tunelu: pl — zluté, p2a — tmavé modie, p2b — ¢ervené, p2c — svétle modie.
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U¢inny mechanismus kontrolované vymény molekul byl vytvofen v enzymu DhaA vnesenim
aromatickych aminokyselinovych zbytkd namisto jinych v hlavni vyménné cesté, tzv. hlavnim
tunelu, majici za nasledek az 26-ti nasobné zvyseni katalytické déinnosti mutantd DhaA vaci
sloueniné TCP. Tento mechanismus byl jiZ popsdn v jinych enzymech, napt. P450
(Liidemann a kol., 2000a; Liidemann a kol., 2000b; Winn a kol., 2002; Li a kol., 2005),
acetylcholinesteraze (Ripoll a kol., 1993; Enyedy a kol., 1998; Zhou a kol., 1998; Tara a
kol., 1999; Van Belle a kol., 2000; Xu a kol., 2003), NADH oxiddze (Hritz a kol., 2006) a
kienové peroxidaze (Khajehpour a kol., 2003; Zelent a kol., 2004).

Mutace vnesené do DhaA zpusobily zménu hlavniho tunelu ze stale otevieného na
pfechodné otevieny, ktery se otevird dle faze reakéniho cyklu. Pfechodné otevieni muze byt
vyvolano vodou z vnégjSiho prostfedi, ktera vstupuje do aktivniho mista, kde hydratuje
produkty dehalogenacni reakce. Na druhou stranu, v nepfitomnosti halogenidového iontu v
aktivnim mistem je toto u¢inné odstinéno od vody ve vnéjSim prostredi, které je tak
zabranéno vstupu do aktivniho mista, kde by nepiiznivé soutézila se substratem o vazebné
misto a naruSovala by tak vazbu substratu do reaktivni pozice pro poc¢ateéni chemicky krok
dehalogenacni reakce. Cesty zjisténé v halogenalkandehalogendze DhaA a jejich mutantech a
mechanismy uvolnéni produktid a vymény vodniho rozpoustédla naznacuji dulezitou ulohu
dynamiky pro funkci halogenalkandehalogendz. Toto zjisténi je v souladu s poéetnymi
zpravami, které diarazné navrhuji, ze vSeobecny pohled na bilkoviny by se mél zménit ze
statického na vysoce dynamicky (Karush, 1950; Wolfenden, 1974; Parak, 2003;
Busenlehner a Armstrong, 2005; Igumenova a kol., 2006; Jarymowycz a Stone, 2006).
Bilkoviny jsou stroje, a stroje nezbytné funguji ¢innosti v éase; a tato ¢innost zahrnuje pohyby
(Koshland Jr., 1976; Koshland dJr., 1996; Parak, 2003; Karplus a Kuriyan, 2005;
Igumenova a kol., 2006; Rueda a kol., 2007).

Nalezené cesty také poslouzily jako pocatecni validaéni sada pro vyvoj programu CAVER
2.0 pro rychly vypocet tunelu a dals$ich moZznych cest vedoucich z dutiny uvnit# bilkoviny na
povrch. Tento program ma potencial stimulovat dalsi vyzkum s cilem pochopit strukturné-
dynamicko-funkéni vztahy u bilkovin s vnofenym vazebnym mistem. Soutéz mezi programem
CAVER a dal$imi podobnymi vypocCetnami pristupy, napi. MOLE (Petrek a kol., 2007),
MOLAXIS (Yaffe a kol., 2008), CHUNNEL (Coleman a Sharp, 2009), and SLITHER (Lee a
kol., 2009), je vysoce prospésny s ohledem na hlavni obecny cil lidského konani — pochopit.
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Zavery

1. Pomoci klasickych a ndhodné urychlenych MD simulaci byly navrzeny tfi aminokyselinové
zbytky, Ile135, Val245 and Leu246, pro satura¢ni mutagenezi halogenalkandehalogenazy
DhaA nesouci mutace Cys176Tyr+Tyr273Phe. Saturaéni mutageneze poskytla mutanty s az
26-ti nasobné zvysenou katalytickou uéinnosti premény 1,2,3-trichlorpropanu (mutant ¢é. 31).

2. ZvySena aktivita mutantid DhaA s TCP je dusledkem zlepSeného odstinéni vnoieného
aktivniho mista od vnéjsiho prostiedi v priubéhu vazby substratu a/nebo Sx2 kroku reakéniho
cyklu. Nejucinnéjsi odstinéni bylo dosazeno kombinaci ti substituci,
Cysl176Tyr+Val245Phe+Ile135Phe, ptitomnych v mutantu ¢é. 31.

3. Dvé cesty spojujici aktivni misto s povrchem, pl a p2a, odpovidajici hlavnimu a
stérbinovému tunelu pozorovanych v RK strukturach, a tfi dalsi cesty, p2b, p2c and p3, byly
uréeny mezi 9ti variantami DhaA pomoci klasickych a nahodné urychlenych MD simulaci.

4. Odchod CL produktu pfemény TCP je spoustén a podporovan vodou; odchod DCL produktu
je také spoustén vodou, a navadény aromatickymi aminokyselinovymi zbytky a interakcemi
typu vodikové vazby.

5. pl je hlavni cesta pro odchod produktu a hlavni vyménna cesta pro vodu, a odolny proti
uzavreni, kterého nebylo dosaZzeno ani vnesenim ¢étytr aromatickych aminokyselinovych zbytku
(Cys176Tyr+Val245Phe+Alal72Phe+Alal45Phe). Ostatni cesty jsou piidavné (p2a, p2b and
p2c) nebo vzacné (p3). Piistupnost pridavnych cest je rtznd pro DCL a vodu a vykazuje
vysokou citlivost na zdménu v pozici Ile135 divokého typu DhaA.

6. Tfi mechanismy vymény liganda jsou vyuzivany mezi variantami DhaA: prtchod trvale
otevienym tunelem, prichod pfechodné otevienym tunelem a prichod skrz matrix enzymu.
Hlavni tunel se zménil z trvale oteviceného na piechodné otevieny zdménou Cys176Tyr.

7. Program pro vypocet tunelii ve strukturach proteini, CAVER 2.0, je dostupny:
http://www.loschmidt.chemi.muni.cz/caver. CAVER muze byt pouzit formou pluginu v
programu PYMOL, nebo jako Java Web Start aplikace, CAVER Viewer.
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Abstract

Using classical and random acceleration molecular dynamics simulations, amino acid
residues were proposed in haloalkane dehalogenase DhaA from Rhodococcus rhodochrous
NCIMB 13064 for site-directed and saturation mutagenesis that yielded enzyme variants
with up to 26-fold improved catalytic performance for conversion of toxic xenobiotic, 1,2,3-
trichloropropane, compared to the wild-type DhaA. The introduced mutations targeted two
crystalographically observable active site access tunnels and improved shielding of the buried
active site from bulk water, thus providing more favourable environment for the initial
chemical step of the enzyme reaction cycle. Besides the two tunnels, three additional
pathways were identified in the wild-type enzyme using the molecular dynamics simulations
and the effect of the mutations and chemical state of the active site on accessibility of all the
five pathways was investigated. The acquired molecular dynamics trajectories were further
used for validation of temporary versions of CAVER 2.0 tunnel calculation algorithm, that will
be, in combination with molecular dynamics simulations, a helpful tool for investigating
tunnels in proteins as well as for designing mutations for tuning protein function and thus
contributing to better understanding of the structure-dynamics-function relationships of
proteins with buried binding sites.

Keywords: Protein, enzyme, haloalkane dehalogenase, buried active site, tunnel, product
release, water exchange, molecular dynamics simulation, design of mutants, CAVER

Introduction

Proteins, genes and genetic code are the most fundamental functions of life (Ruiz-Mirazo et
al.,, 2004; Ikehara, 2005). Among proteins, those with catalytic functions, the so-called
enzymes, are fundamentally the most important (Koshland Jr., 2002b) because they speed
up specific and otherwise too slow chemical reactions to sustain living processes (Radzicka &
Wolfenden, 1995; (Koshland Jr., 2002b)). Understanding the underlying principles of life
thus requires understanding enzyme function to the very deepest level (Koshland Jr.,
2002b). Since the function is determined by protein structure and dynamics (Karush, 1950;
Koshland Jr.,, 1958; Sullivan & Holyoak, 2008; Kurakin, 2009), elucidation of the
underlying principles of enzyme function requires detailed understanding of the highly
complex relationships between structure, dynamics and function for every particular enzyme.
Moreover, these properties must be considered from evolutionary perspective because nothing
in biology has sense unless in the view of evolution (Dobzhansky, 1964; Koshland Jr., 1976;
Woese, 2001). Every single enzyme is worth of study because every enzyme can reveal
important information on the structure-dynamics-function relationships (Kendrew, 1962),
that might be possibly generalised to some other enzymes and proteins of different functions
when considering limited space of three-dimensional protein folds (Chothia, 1992).
o/B-hydrolase fold (Ollis et al., 1992) is one of the most versatile protein folds (Hegyi &
Gerstein, 1999) as it supports various hydrolytic functions including hydrolytic
dehalogenation catalysed by haloalkane dehalogenases (Verschueren et al., 1993d). These
enzymes have attracted scientists since 80s for many reasons, including their belonging to the
versatile fold and potentially high ecological importance in removal of toxic halogenated
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xenobiotics from polluted environment (Janssen et al., 1985). Haloalkane dehalogenases (EC
3.8.1.5) perform hydrolytic substitutive dehalogenation of halogenated aliphatic hydrocarbons
to corresponding alcohol, halide anion and proton via bimolecular nucleophilic substitution
(Sn2), nucleophilic adition and elimination reactions (Schanstra et al., 1996b; Bosma et al.,
2003; Prokop et al., 2003). Hydrophobic nature of the substrate implies necessity for the
active site to be buried in the protein core, shielded from the bulk solvent (Koshland Jr.,
1976). Contrary, exchange of water, substrate and products between the buried active site and
bulk solvent must be efficient for effective dehalogenating function (Koshland Jr., 1995).

Bosma et al. (2002) isolated mutants of haloalkane dehalogenase DhaA, 04 (Cys176Tyr)
and M2 (M1+Tyr273Phe) that showed 2.8-fold and 7.8-fold increase in catalytic performance
for conversion of 1,2,3-trichloropropane (TCP) to 2,3-dichloropropane-1-ol (DCL) and chloride
anion (CL). Bosma et al. (2002) then proposed that the common substitution at the position
176 in the main tunnel contributes to the improvement by reducing the size of the active site
cavity and thus enhancing efficiency of TCP substrate binding. In line with the proposed
effect of Cys176Tyr, Bosma et al. (2003) proposed the Sy2 reaction to be the rate-limiting step
in the conversion of TCP by wild-type DhaA based on absence of *H,0 kinetic isotope effect.
Banas et al. (2006) noted decreased size of the main tunnel by Cys176Tyr and presumed that
the substitution causes shift in the rate-limiting step from the Sy2 step to DCL release due to
re-direction of DCL release from the main tunnel to the slot tunnel and suggested to perform
substitutive mutagenesis in the slot tunnel for further improvement of the catalytic
performance of DhaA with TCP.

As a follow-up of the research conducted by Bosma et al. (2002; 2003) and Banas et al.
(2006), and aimed at gaining better understanding of the exchange processes in haloalkane
dehalogenase DhaA from Rhodococcus rhodochrous NCIMB 13064 at atomic level, classical
molecular dynamics (MD) simulations (McCammon & Karplus, 1977) and random
acceleration molecular dynamics (RAMD) simulations (Liidemann et al., 2000a) were
employed: (i) to design mutations and hot spots for mutagenesis in exchange pathways; (ii) to
identify product release and water exchange pathways, protein-product, protein-water and
product-water interactions; and (iii) to interpret them in the light of experimental data:
mutagenesis, dehalogenating activities, secondary structure stabilities and three-dimensional
protein X-ray crystal (XC) structures. The acquired knowledge of the structure-dynamics-
function relationships of the haloalkane dehalgoenase DhaA was then applied during
development of the CAVER 2.0 program for automated identification of tunnels in protein
structures.

Objectives

1. In silico design of mutants of the wild-type DhaA for enhanced conversion of TCP.
The goal was to provide experimentalists with a list of amino acid residues for substitution,
and if possible, to suggest suitable substitutes.

2. In silico analysis and interpretation of the effects of mutations on the enhanced
conversion of TCP by DhaA mutants. The goal was to suggest what part of the reaction
cycle is improved by the substitutions in the mutants, and to propose what is the basis of the
improvement.
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3. In silico identification of pathways and mechanisms for release of two products of
TCP hydrolytic dehalogenation, i.e. DCL and CL, from the buried active site of the
wild-type DhaA and the mutants. The goal was to identify all potentially functional
product release pathways for the two products and to describe the release process in terms of
product-enzyme and product-water interactions and dynamics.

4. In silico identification of pathways and mechanisms for water exchange between
the buried active site and the surface of the wild-type DhaA and the mutants. The
goal was to identify all potentially functional water exchange pathways and to describe the
exchange process in terms of water-enzyme and water-product interactions and dynamics.

5. Comparison of XC structures of DhaA variants. The goal was to explore open and
closed tunnels in the structures and describe the effect of mutations on the accessibility of the
tunnels.

6. Testing temporary versions of CAVER 2.0 algorithm and CAVER Viewer application
for calculation of pathways leading from buried cavities to surface in protein
structures. The goal was to provide developers of the algorithm and the application with
feedback response on the reliability of pathways identified by the CAVER 2.0 algorithm and
on the user-friendliness of the graphical user interface of the CAVER Viewer.

Methods

The research on the haloalkane dehalogenase DhaA was multidisciplinary, requiring tight
collaboration of specialists from various fields/niches of protein science: DNA manipulation,
site-directed and saturation mutagenesis, protein expression, protein purification, circular
dichroism spectroscopy, specific enzymatic activity measurements, steady-steate and pre-
steady state kinetics, solvent kinetic isotope effect measurements, protein XC, molecular
docking calculations, classical MD simulations, and RAMD simulations. All experimental
methods were employed by collaborators under the supervision of Jifi Damobrsky, Yuji
Nagata, Michal Kuty and Ivana Kutd-Smatanové, whereas all molecular modelling methods
were employed by myself under the supervision of Jiti Damborsky and Rebecca C. Wade.
CAVER program was developed in the collaboration of molecular modelling and
bioinformatics specialists led by Jiti Damborsky with specialists in the field of computer
graphics and interaction of humans with computer led by Jifi Sochor.

Experiments

Nucleotide sequence of pRTL1 plasmid-located dhaA gene (GenBank accession number
AF060871) from Rhodoccocus rhodochrous NCIMB 13064 (Kulakova et al., 1997) was
modified at its termini by addition of BamHI and HinDIII restriction sites, Shine-Dalgarno
sequence (Shine & Dalgarno, 1975), six codons for His in PCR wusing synthetic
oligonucleotide primers designed accordingly. dhaAHis gene in pUC18 and pAQN plasmids
was used as the initial template for mutagenesis. Site-directed and saturation mutagenesis
was carried out by inverted PCR (Ochman et al., 1988; Triglia et al., 1988) using synthetic
oligonucleotides designed accordingly (Tables 1 and 2). Two sub-libraries A and two sub-
libraries B were combined to yield library A and B. High-throughput screening of the libraries
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for enhanced activity of DhaA variants with TCP was assayed in microplates by phenol red
dye indicator, detecting decreased pH due to production of protons by hydrolytic
dehalogenation of TCP. The nucleotide sequences of the mutant dhaA genes of 51 most active
variants were determined by the dideoxy chain termination method.

Substrate specificity of wild-type DhaA and the most active mutant 31 towards a set of 31
substrates was assayed by monitoring released halide anions by Iwasaki method (Iwasaki et
al., 1952). Steady-state kinetic constants, k.., and K,,, for the conversion of TCP by wild-type
DhaA and mutants M2, M3, 04, 14, 15, 21, 27, 31, 51, and 52 were assayed with TCP by the
initial velocity measurements as described previously (Chaloupkova et al., 2003): the
substrate concentration was determined by a gas chromatography; dehalogenation reaction
was performed at 37 °C; reaction was stopped by the addition of methanol at 10 and 20 min or
15 and 30 min time points; all the data points were measured in duplicates or triplicates;
concentration of halide anion product was determined by the Iwasaki method. Rate-limiting
step in reaction cycle of TCP dehalogenation by wild-type DhaA and the mutant 31 was
determined at 37 °C by combining two approaches: (i) solvent kinetic isotope effects
determined by performing activity assays at increasing concentrations of *H,O from 0 to
100%, and (ii) pre-steady state kinetic experiments using rapid quench-flow technique.

Secondary structure fingerprint of the wild-type DhaA, mutants 04, M2, M3, and six most
active DhaA variants obtained by screening the saturation mutagenesis libraries A and B
(mutants 17, 19, 21, 27, 31 and 33), and mutants 51 and 52, was determined by measuring far-
UV circular dichroism (CD) spectra. High/atomic-resolution XC structure was determined for
the mutants 04 (PDB-ID 3FBW), 14 (PDB-ID 3G9X) and 15 (PDB-ID 3FWH) at 1.23, 0.95 and
1.22 A resolution, respectively, using XC structure of DhaA from Rhodococcus sp. (PDB-ID
1BN6) and XC structure of the mutant 15 as starting models for molecular replacement
(Stsiapanava et al., 2008).

Table 1 | Site-directed mutagenesis.

Template Primers (5' - 3")*" Result Introduced
mutation®
pUC18::dhaAHis  TACGTCGTCCGT CCGCTTACY™ pUC18::dhaA04His Cys176Tyr
TTTCGGGAGCGCACCCTC™

PAQN::dhaAHis GGAATTCATCCGGCCTTITCCCGACGTGG"Y pUC18::dhaAl4His Ile135Phe
CCACGTCGGGAAAGGCCGGATGAATTCC™

PAQN::dhaA04His GGAATTCATCCGGCCTTTCCCGACGTGG™ pAQN:dhaAl5His Ile135Phe
CCACGTCGGGAAAGGCCGGATGAATTCC™

PAQN::dhaA04His TTCCTCCAGGAAGACAACCC™ PAQN:dhaAM2His Tyr273Phe
GTGCAATCCCGGGGC™

PAQN::dhaAM2His GGACGAATTTCCGGAATTCG™ PAQN:dhaAM3His Trpl41Phe
CACGTCGGGATAGGCC™

PAQN::dhaA31His TTCCTCCCGAAATACGTCGTCCH PAQN::dhaA51His  Alal72Phe
ACCCTCGATGAAAGCGTTCTG™

PAQN::dhaA51His TTCCGTGAGACCTTCCAGGC™ PAQN::dhaA52His  Alal45Phe

GAATTCCGGCCATTCGTCCC™
“The introduced mutations are bold-faced and underlined.
bfw, forward primer; rev, reverse primer.
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Table 2 | Saturation mutagenesis.

Template Primers (5' - 8")*>° Result Introduced
mutation’
PAQN::dhaAM2His GGCCTNNKCCGACGTG™ PAQN::dhaAsub-libraryA1His  Ile135X
GGATGAATTCCATACATGCAATAC™
pAQN::dhaAM2His NNKATCCCCCCGGCCGAAG™ PAQN::dhaAsub-libraryA2His  Val245X
MNNGCCGGGTGTGCCCCAG™ Leu246X
PAQN::dhaAM3His GGCCTNNKCCGACGTG™ PAQN::dhaAsub-libraryB1His  Ile135X
GGATGAATTCCATACATGCAATAC™
pAQN::dhaAM3His NNKATCCCCCCGGCCGAAG™ PAQN::dhaAsub-libraryB2His  Val245X
MNNGCCGGGTGTGCCCCAG™ Leu246X

“The introduced mutations are bold-faced and underlined.
'N=A G, CorT;K=GorT;M=AorC.

‘fw, forward primer; rev, reverse primer.

4X — any of the 20 standard amino acid residues.

Molecular Modelling

The XC structure of DhaA from Rhodococcus sp. (PDB-ID 1CQW) was truncated by five amino
acid residues at the C-terminus, renumbered according to dhaA gene and modified with three
amino acid residue substitutions, Vall72Ala, I1e209Leu, and Ala292Gly, using PYMOL 0.97
(DeLano, 2002) to reconstruct the structure of DhaA from Rhodococcus rhodochrous NCIMB
13064 (wild-type DhaA) used in experiments. The wild-type structure of DhaA served as the
template for amino acid residue substitutions using PYMOL, yielding structures of mutant
proteins 04, 14, 15, 21', 27', 31', 51', and 52'. The in silico mutants correspond to the mutants
obtained by site-directed and saturation mutagenesis by the identifiers, except for absence of
Tyr273Phe in the in silico mutants marked with the prime symbol. The three-dimensional
models of (R)-2,3-dichloropropane-1-ol (R-DCL), (S)-2,3-dichloropropane-1-0l (S-DCL) and
TCP were built using PYMOL, and geometry optimised using MOPAC 2000 (Stewart, 1990)
and GAUSSIAN 94 (Frisch et al., 1994). Partial atomic charges were fitted to reproduce the
electrostatic potential calculated with GAUSSIAN using the RESP (Bayly et al., 1993;
Cornell et al., 1993), module of AMBER 8 (Case et al., 2004).

The initial orientation of the TCP substrate in the active site of wild-type DhaA and the
initial orientation of the R- and S-DCL product in the active site of DhaA wild-type complexed
with CL were modelled using AUTODOCK 3.0.5 (Morris et al., 1998). The conformations of
R- and S-DCL obtained for the wild-type DhaA were applied to mutants. Classical
equilibration MD simulations were performed for wild-type DhaA and mutant 31' complexed
with TCP, and for all DhaA variants with R- and S-DCL and with/without CL in AMBER 8
using the 1994 Cornell force field (Cornell et al., 1995; Cornell et al.,, 1996). The
equilibration MD simulations of the enzyme-substrate complexes were followed by 2 ns of
production classical MD simulations at 300 K using the same parameters as for the
equilibration MD simulations; the equilibration MD simulations of the enzyme-product
complexes were followed by production RAMD simulations.

RAMD simulation (Liidemann et al., 2000a) is an enhanced sampling MD technique
that makes the egress of a ligand from a buried enzyme active site observable in
computationally accessible simulation times (Liidemann et al., 2000a; Winn et al., 2002;
Wade et al., 2004; Schleinkofer et al., 2005; Wang & Duan, 2007). RAMD simulation
resembles classical MD simulation except that an additional force is applied to the centre of
mass of the ligand in a randomly chosen direction. After a user-defined number of time steps,
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the distance traveled by the ligand is compared to a threshold parameter. If the ligand does
not reach the threshold distance, a new, randomly chosen direction is given to the force on its
centre of mass; otherwise, the force direction is maintained. The process is iterated until the
ligand has been released into the bulk solvent or a specified maximum simulation time is
reached. RAMD simulations were carried out to simulate DCL release in all DhaA variants
using Sander module of AMBER 8 with RAMD patch (http:/projects.villa-
bosch.de/mcm/software/amber). Altogether, 86 RAMD trajectories were recorded. No
difference in the preferential release through different pathways or in the mechanism of the
release was obvious for the R- and S- enantiomers of DCL. Therefore, R-DCL and S-DCL were
further considered to provide variability in the MD trajectories only. RAMD simulations were
also performed on DCL for the wild-type DhaA in the presence of CL but were not extended to
the mutants for highly reduced number of observed DCL release events.

Software engineering
Temporary versions of CAVER 2.0 algorithm were tested as a PYMOL plugin with XC
structures of DhaA from Rhodococcus sp. (PDB IDs: 1CQW and 1BN6) and with selected
snapshots of MD simulations of the wild-type DhaA and its mutants. Calculated tunnels were
compared with visually identified open tunnels. Reliability of the CAVER 2.0 algorithm
results and proper functionality of the PYMOL plugin was assessed and reported to the
software engineers.

The GUI of CAVER Viewer was designed and temporary versions of the application were
tested for basic functionality. Observed functionality problems and suggestions for improving
userfriendliness were reported to software engineers.

Results

In silico design of DhaA mutants for improved conversion of TCP

Klvana M, Pavlova M, Prokop Z, Chaloupkova R, Banas P, Otyepka M, Wade RC, Nagata Y & Damborsky J
(2009). Redesigning dehalogenase access tunnels as a strategy for degrading an anthropogenic substrate.
Nat. Chem. Biol. 5: 727-733.

Hot spot amino acid residues lining the access tunnels were selected for mutagenesis by
RAMD simulations of DCL release in the wild-type DhaA and the 04 mutant (Fig 1). The
selected amino acid residues are located along DCL release pathway through the main
tunnel, pl (Cys176), the slot tunnel, p2a (Trpl41, Ile135 and Leu246), or both the tunnels
(Val245). Trp141Phe was proposed to be introduced into the M2 mutant, yielding mutant M3.
Both the M2 and M3 mutants served as the templates for the saturation mutagenesis of
Ile135+Val245+Leu246, leading to libraries A (2,568 clones) and B (2,705 clones), respectively.
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Fig 1 | Hot spot amino acid residues for mutagenesis. DhaA is shown in cartoon model coloured by domains:
grey, the main domain, white, the cap domain. DCL release pathways are shown in surface representation:
pl corresponds to the main tunnel; p2a corresponds to the slot tunnel. Amino acid residues selected for
mutagenesis are highlighted by balls and sticks.

Analysis and interpretation of the effects of mutations on the enhanced conversion of
TCP by DhaA mutants
Klvarna M, Pavlovd M, Prokop Z, Chaloupkova R, Banas P, Otyepka M, Wade RC, Nagata Y & Damborsky J

(2009). Redesigning dehalogenase access tunnels as a strategy for degrading an anthropogenic substrate.
Nat. Chem. Biol. 5: 727-733.

Klvarna M, Pavlova M, Koudeldkova T, Chaloupkova R, Dvoidk P, Prokop Z, Stsiapanava A, Kuty M, Kuta-
Smatanova I, Dohnélek J, Kulhanek P, Wade RC & Damborsky J (2009). Pathways and mechanisms for
product release in the engineered haloalkane dehalogenases explored using classical and random
acceleration molecular dynamics simulations. J. Mol. Biol. 392: 1339-1356.

Screening the saturation mutagenesis libraries of DhaA for enhanced activity with TCP
revealed three superior mutants, 27 and 31 from library A and 21 from libraby B, all common
in Val245Phe and Leu246lIle substitution and variable in the position 135. The catalytic
efficiency of the mutants 21 (with Ile135Val), 27 (with Ile135Leu) and 31 (with Ile135Phe),
quantified by k../K., was 12-, 23- and 26-fold higher, respectively, compared to 36 s™ M of the
wild-type DhaA. RAMD simulations discriminated DCL release to be the source of
improvement of the activity in the mutants because the most active mutant 31' was the least
amenable to DCL release. Classical MD simulations with TCP showed that the active site of
the wild-type DhaA was easily accessible to water molecules from bulk solvent and that
increasing numbers of water molecules in the active site competed with TCP for interaction
with the nucleophile, Aspl06. Contrary, the bulky aromatic substitutions in the access
tunnels of the 31' mutant shielded the active site from the bulk solvent effeciently within the
two-nanosecond MD simulation (Fig 2). *H,O kinetic isotope effect measurements and
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transient kinetic experiments showed that the rate-limiting step in the mutant 31 shifted
from Sx2 to product release, in agreement with the simulations. Additional bulky aromatic
substitions in the main tunnel, Alal72Phe and Alal72Phe+Alal45Phe, did not result in
further enhancement of the activity of the mutants with TCP.
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Fig 2 | Role of active site accessibility
for bulk water molecules in the wild-
type DhaA and the mutant 31' on
formation of reactive complexes with
TCP, the so-called NACs, in classical
MD simulations. (a) Active site
accessibility for bulk water; the active
site of the wild-type DhaA is accessible
to bulk water (red); the cavity of the
31' mutant is inaccessible, and only
discrete internal positions are occupied
by structural water molecules (blue);
spheres representing waters have a
radius of 0.5 A centred on the oxygen
atoms. (b) The population of NAC
(boxed) for TCP in the wild-type DhaA
(red) and the mutant 31' (blue) in the
MD simulations; snapshots shown in d
are indicated by (o). (¢) Evolution of
the NAC distance of two reacting

atoms during MD simulations;
snapshots shown in d are indicated by
(). (d) Snapshots from MD
simulations of the non-reactive

configuration of TCP competing with
water molecules for the nucleophile in
the wild-type DhaA and the NAC for
TCP in the 31' mutant; only polar
hydrogens are shown for clarity.



Product release and water exchange pathways and mechanisms in DhaA and its
mutants

Klvana M, Pavlova M, Koudeldkova T, Chaloupkova R, Dvotdk P, Prokop Z, Stsiapanava A, Kuty M, Kuta-
Smatanova I, Dohnalek J, Kulhdnek P, Wade RC & Damborsky J (2009). Pathways and mechanisms for

product release in the engineered haloalkane dehalogenases explored using classical and random
acceleration molecular dynamics simulations. JJ. Mol. Biol. 392: 1339-1356.

Product release and water exchange pathways in the wild-type DhaA and eight mutants were
explored in detail. The classical MD trajectories were investigated for spontaneous release of
the products (DCL and CL) and for exchange of water molecules between the buried active
site and bulk solvent. In total, one release pathway for CL, pl, no release pathway for DCL,
and five pathways for water molecules, p1, p2a, p2b, p2c, and p3 were observed for the DhaA
variants. Another set of MD simulations was performed with CL replaced by a water molecule
to model the system after release of the halide anion from the active site. The MD trajectories
were investigated for exchange of water molecules and spontaneous release of DCL.
Altogether, three pathways were observed for water molecules (pl, p2a, and p2b) with the
DhaA variants. No release of DCL was observed in any of the classical MD simulations,
justifying the use of RAMD simulations to enhance DCL release. RAMD simulations of DCL
release in wild-type DhaA and its mutants resulted in five pathways, pl, p2a, p2b, p2c, and
p3 (Fig 3). The pathways showed ligand specificity (Fig 4) and various mechanisms of ligand
exchange between the buried active site and bulk solvent (Fig 5 and Table 3).

Fig 3 | DCL release pathways
observed among DhaA variants.
Pathways are represented by the
surface and mapped on the XC
structure of DhaA from Rhodococcus
sp. (PDB-ID 1CQW). The thickness of
the ribbon corresponds to the
crystallographic B-factors. Variable
amino acid residues among the DhaA
variants are represented by black balls
and labeled by the residue identifier.
pl and p2a correspond to the main
tunnel and the slot tunnel,
respectively. NC-loop, N-terminal cap
domain loop; CC-loop, C-terminal cap
domain loop.
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Fig 4 | Schematic representation of ligand pathways among DhaA variants. (a) Pathway for CL observed in
classical MD simulations; (b) pathways for DCL observed in RAMD simulations; (¢) pathways for water
molecules observed in classical MD simulations. Arrows indicate direction of passage of ligands through a
tunnel (p1, p2a, p2b and p2c for DCL and water, and p3 for DCL) or protein matrix (p3 for water); p1, the
main tunnel; p2a, the slot tunnel.

c6- ¢
CHCHC
CRCHRC

Fig 5 | Schematic representation for three mechanisms of ligand
exchange between the buried active site of DhaA and bulk solvent. (a)
Ligand passage through a permanent tunnel; (b) ligand passage
through a transient tunnel; (c) ligand passage through a protein matrix.
Protein and ligand are depicted in grey and red, respectively. Low-
density region of the protein matrix is in light grey; high-density region
of the protein matrix is in black.
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Table 3 | Occurrence of mechanisms of ligand exchange between the buried active site and
bulk solvent in the wild-type (wt) DhaA and eight mutants in MD simulations.

Ligand Pathway Tunnel Protein
Permanent Transient matrix
Classical MD
CL pl wt 15 -
p2a — - -
p2b - - -
p2c - - -
p3 - - -
Water pl wt, 14 04, 15, 21', 27', 31, 52' —
p2a — 04, 27 —
p2b - wt, 04, 14, 15, 27', 31, 51', 52" -
p2c — 04 —
p3 - - 21'
RAMD
DCL pl wt, 14 04, 15, 21', 27, 31', 51, 52' —
p2a - wt, 04 -
p2b - 27 -
p2c — 21' —
p3 - wt, 27' _

Structural characterisation of three mutants with modified tunnels

Klvana M, Pavlova M, Koudeldkova T, Chaloupkova R, Dvoidk P, Prokop Z, Stsiapanava A, Kuty M, Kuta-
Smatanova I, Dohnalek J, Kulhdanek P, Wade RC & Damborsky J (2009). Pathways and mechanisms for
product release in the engineered haloalkane dehalogenases explored using classical and random
acceleration molecular dynamics simulations. JJ. Mol. Biol. 392: 1339-1356.

XC structures of the mutants 04 (PDB-ID 3FBW), 14 (PDB-ID 3G9X), and 15 (PDB-ID 3FWH)
were determined to high/atomic resolution (Stsiapanava et al., unpublished results). The
mutant structures were compared with the XC structures of DhaA from Rhodococcus sp.
available in the PDB (Newman et al., 1999). This analysis provided experimental evidence
for the effect of the substitutions located in the main tunnel (mutant 04), the slot tunnel
(mutant 14), and both the main and slot tunnels (mutant 15) on the accessibility of the active
site and the mechanisms of ligand exchange observed in MD simulations (Fig 6). The main
tunnel was open only in the XC structures of DhaA variants carrying the wild-type Cys176.
The slot tunnel was open only in the structure 1BN6 due to the presence of different rotamers
of Ile135 and Argl33 side-chains together with 0.8 A displacement of the backbone of five
residues of the NC loop (133-ArgProlleProThr-137), compared to structures 1CQW and 1BN7.
The slot tunnel in structures 1CQW and 1BN7 was represented only by an isolated cavity
containing two water molecules. The introduction of a bulky Ile135Phe substitution further
reduced accessibility of the slot tunnel of the XC structures of mutants 14 and 15.
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Fig 6 | The XC structures of DhaA and its mutants ordered by the accessibility of their active sites via the
main tunnel (pl) and the slot tunnel (p2a). (a) DhaA from Rhodococcus sp. (PDB-ID 1BN6) with the main
tunnel and the slot tunnel open; (b-d) DhaA from Rhodococcus sp. (PDB-ID 1CQW), DhaA from
Rhodococcus sp. (PDB-ID 1BN7) and mutant 14 of the wild-type DhaA from Rhodococcus rhodochrous
NCIMB 13064 (PDB-ID 3G9X) with the main tunnel open and the slot tunnel closed; (e-f) mutant 04 of the
wild-type DhaA from Rhodococcus rhodochrous NCIMB 13064 (PDB-ID 3FBW) and mutant 15 of the wild-
type DhaA from Rhodococcus rhodochrous NCIMB 13064 (PDB-ID 3FWH) with both the main tunnel and
the slot tunnel closed. The protein structures are visualised as a slice through the surface representation
with tunnels and cavities coloured in dark grey.

Development of CAVER 2.0 program for calculation of tunnels in protein structures
Andres F, Benes P, Brezovsky J, Chovancova E, Jasa P, Klvana M, Kozlikova B, Medek P, Pavelka A, Szab6
T, Zamborsky M, Zruban M (v abecednim pofadi), Sochor J & Damborsky J (2009). CAVER 2.0 program pro
vypoCet tunelda. Laboratot interakce élovéka s poéitaéem a Loschmidtovy laboratoie (v abecednim poradi),
Masaryk University, Brno, Czech Republic. http://www.loschmidt.chemi.muni.cz/caver

CAVER 2.0 provides rapid, accurate, automated calculation of tunnels leading from buried
cavities to the surface in the structural models of proteins, nucleic acids and inorganic
materials. Reliability of tunnels identified by temporary versions of CAVER 2.0 algorithm
was tested repeatedly against the set of protein structures comprising snapshots of MD
simulations of wild-type DhaA and eight mutants (Fig 7). Although open tunnels can be
easily identified by visual inspection of surface models of the protein structures e.g. in
PYMOL, CAVER brings several benefits: (i) precision in finding tunnels differing in openings
to the surface (Fig 7a-c¢); (i) automation; (iii) speed, enabling processing of large set of
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structures in short time; (iv) identification of atoms and amino acid residues lining the
tunnel; (v) determination of tunnel width at discrete points along the tunnel, useful for
identification of bottlenecks in tunnels; and (vi) identification of tunnels that are invisible by
visual inspection yet they may open for a ligand to pass through due to dynamics of a protein
in time (Fig 7ade). Known limitation of the current version of CAVER is failure to find one of
two tunnels possessing a common mouth (Fig 7de), due to blocking the mouth after finding
the first of the two tunnels, which is the current strategy used to force the algorithm to search
for more than one tunnel.

As of November 14, 2009, 2,174 users registered for CAVER 2.0; the web site of CAVER
was accessed from 15,013 unique IP addresses.

(b)

@

Fig 7 | Tunnels in the snapshots from MD simulations of DhaA identified manually and automatically using
CAVER 2.0. (a) open pl and p2a in the mutant 27'; (b) open pl and p2b in the mutant 27'; (¢) open p1l and
p2c in the mutant 04; (d) open p2a and p2b in the mutant 04; (e) open pl, p2a and p2b in the mutant 04.
Five tunnels were calculated for each structure. Starting point was defined as a centroid of three atoms: N,
atom of Asn41, Og; atom of Aspl06 and N, atom of Trp107. All open tunnels were identified by CAVER 2.0 in
a, b and c. p2b tunnel in d and p2a tunnel in e was not found by CAVER 2.0 due to common mouth with p2a
and p2b tunnel, respectively. In a, d and e, CAVER 2.0 identified additional tunnels (p2c, pl and p2¢c, and
p2c, respectively) that were closed in the snapshots, but that are at the same time known to open in MD
simulations. Protein structures are shown in surface representation; tunnels are in dark grey. CAVER 2.0
tunnels are shown in mesh representation and coloured by tunnel as follows: pl, yellow; p2a, blue; p2b, red;
p2¢, cyan.
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Discussion

Klvana M, Pavlovd M, Prokop Z, Chaloupkova R, Banas P, Otyepka M, Wade RC, Nagata Y & Damborsky J
(2009). Redesigning dehalogenase access tunnels as a strategy for degrading an anthropogenic substrate.
Nat. Chem. Biol. 5: 727-733.

Klvana M, Pavlovd M, Koudeldkova T, Chaloupkova R, Dvotdk P, Prokop Z, Stsiapanava A, Kuty M, Kuta-
Smatanova I, Dohnalek J, Kulhdanek P, Wade RC & Damborsky J (2009). Pathways and mechanisms for
product release in the engineered haloalkane dehalogenases explored using classical and random
acceleration molecular dynamics simulations. JJ. Mol. Biol. 392: 1339-1356.

Andres F, Benes P, Brezovsky J, Chovancova E, Jasa P, Klvanna M, Kozlikova B, Medek P, Pavelka A, Szab6
T, Zamborsky M, Zruban M (in alphabetical order), Sochor J & Damborsky J (2009). CAVER 2.0 tunnel
calculation program. Human Computer Interaction Laboratory and Loschmidt Laboratories (in
alphabetical order), Masaryk University, Brno, Czech Republic. http:/www.loschmidt.chemi.muni.cz/caver

An efficient gating mechanism allowing controlled exchange of molecules was established in
the DhaA enzyme by introducing aromatic substitutions in the main exchange route, the so-
called main tunnel, causing up to 26-fold improvement in catalytic performance of DhaA
mutants towards non-natural xenobiotic, TCP. The gating mechanism has been already
reported e.g. for P450 enzymes (Liidemann et al., 2000a; Liidemann et al., 2000b; Winn et
al., 2002; Li et al., 2005), acetylcholinesterase (Ripoll et al., 1993; Enyedy et al., 1998;
Zhou et al., 1998; Tara et al., 1999; Van Belle et al., 2000; Xu et al., 2003), NADH oxidase
(Hritz et al., 2006) and horseradish peroxidase (Khajehpour et al., 2003; Zelent et al.,
2004).

The mutations introduced in DhaA caused change the main tunnel from permanent to
transient that opens temporarily according to the phase of reaction cycle. Transient opening
can be induced by water from bulk solvent that enters the active site to solvate products. On
the other hand, in the absence of the halide anion in the active site, the shielding is efficient
to hinder water from entering the active site where it would unfavourably compete with a
substrate and disturb its binding into reactive orientation for initial chemical step of the
dehalogenating reaction. Pathways identified in the DhaA haloalkane dehalogenase and its
mutants and mechanisms of substrate, product and solvent exchange signify importance of
dynamics for the function of haloalkane dehalogenases which is in accordance with numerous
reports that strongly suggest our view of proteins to be changed from static to highly dynamic
one (Karush, 1950; Wolfenden, 1974; Parak, 2003; Busenlehner & Armstrong, 2005;
Igumenova et al.,, 2006; Jarymowycz & Stone, 2006). Proteins are engines and engines
essentially function by action in time which involves movements (Koshland Jr., 1976;
Koshland Jr., 1996; Parak, 2003; Karplus & Kuriyan, 2005; Igumenova et al., 2006;
Rueda et al., 2007).

The identified pathways also served as an initial validation set for development of CAVER
2.0 tunnel calculation algorithm, an approach for rapid evaluation of possible pathways
leading from a buried cavity to surface in proteins that has a potential to stimulate further
research on proteins aimed at understanding structure-dynamics-function relationships of
proteins with buried binding or active sites. Competition between the CAVER and other
similar computational approaches, e.g. MOLE (Petrek et al., 2007), MOLAXIS (Yaffe et al.,
2008), CHUNNEL (Coleman & Sharp, 2009), and SLITHER (Lee et al., 2009) is highly
beneficial for the ultimate general goal of a human effort — to understand.
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Conclusions

1. Using classical MD and RAMD simulations, three amino acid residues, Ile135, Val245 and
Leu246, were proposed for saturation mutagenesis of the Cys176Tyr+Tyr273Phe mutant of
the haloalkane dehalogenase DhaA. The saturation mutagenesis then yielded mutants with
catalytic performance of 1,2,3-trichloropropane (TCP) conversion increased up to 26-fold
(mutant 31).

2. The enhanced activity of the DhaA mutants with TCP is due to improved shielding of the
buried active site from bulk solvent at substrate binding and/or bimolecular nucleophilic
substitution step of the reaction cycle. The shielding is best achieved by
Cys176Tyr+Val245Phe+Ile135Phe substitutions of the mutant 31.

3. Two active site access pathways, pl and p2a, corresponding to crystallographically
observable main tunnel and slot tunnel, respectively, and three additional pathways, p2b, p2¢c
and p3, were identified among wild-type DhaA and eight mutants using classical MD and
RAMD simulations.

4. Release of chloride anion product of TCP conversion is triggered and assisted by water;
release of 2,3-dichloropropane-1-ol (DCL) product is also triggered by water and guided by
aromatic amino acid residues and by hydrogen bonding interactions.

5. pl is the major product release and water exchange pathway, robust against sealing
attempted by four aromatic amino acid residue substitutions
(Cys176Tyr+Val245Phe+Alal72Phe+Alal45Phe). Other pathways are auxiliary (p2a, p2b and
p2c¢) or rare (p3). Accessibility of the auxiliary pathways is DCL- and/or water-specific and
shows high sensitivity to substitution at position of the wild-type Ile135.

6. Three mechanisms of ligand exchange are exploited among DhaA variants: passage
through a permanent tunnel, passage through a transient tunnel and migration through a
protein matrix. Main tunnel changes from permanently open to transiently open tunnel by
single Cys176Tyr substitution.

7. CAVER 2.0, a program for calculation of tunnels in protein structures, is available at:
http://www.loschmidt.chemi.muni.cz/caver. The program can be used as a PYMOL plugin, or
as a Java Web Start application, CAVER Viewer.

References

Banas P, Otyepka M, Jetabek P, Petiek M & Damborsky J (2006). Mechanism of enhanced conversion of
1,2,3-trichloropropane by mutant haloalkane dehalogenase revealed by molecular modeling.
Journal of Comput. Aided Mol. Des. 20, 375-383.

Bayly CI, Cieplak P, Cornell W & Kollman PA (1993). A well-behaved electrostatic potential based method

using charge restraints for deriving atomic charges: the RESP model. JJ. Phys. Chem. 97: 10269-
10280.

48


http://www.loschmidt.chemi.muni.cz/caver

Bosma T, Damborsky J, Stucki G & Janssen DB (2002). Biodegradation of 1,2,3-trichloropropane through
directed evolution and heterologous expression of a haloalkane dehalogenase gene. Appl. Environ.
Microbiol. 68: 3582-3587.

Bosma T, Pikkemaat MG, Kingma J, Dijk J & Janssen DB (2003). Steady-state and pre-steady-state kinetic
analysis of halopropane conversion by a Rhodococcus haloalkane dehalogenase. Biochemistry, 42:
8047-8053.

Busenlehner LS & Armstrong RN (2005). Insights into enzyme structure and dynamics elucidated by
amide H/D exchange mass spectrometry. Arch. Biochem. Biophys. 433: 34-46.

Case DA, Darden TA, Cheatham TE, Simmerling CL, Wang J, Duke RE, Luo R, Merz KM, Wang B,
Pearlman DA, Crowley M, Brozell S, Tsui V, Gohlke H, Mongan J, Hornak V, Cui G, Beroza P,
Schafmeister C, Caldwell JW, Ross WS & Kollman PA (2004). AMBER 8. University of California,
San Francisco, CA, USA.

Chothia C (1992). Proteins. One thousand families for the molecular biologist. Nature, 357: 543-544.

Coleman RG & Sharp KA (2009). Finding and characterizing tunnels in macromolecules with application
to ion channels and pores. Biophys. J. 96: 632-645.

Cornell WD, Cieplak P, Bayly CI & Kollmann PA (1993). Application of RESP charges to calculate
conformational energies, hydrogen bond energies, and free energies of solvation. J. Am. Chem.
Soc. 115: 9620-9631.

Cornell WD, Cieplak P, Bayly CI, Gould IR, Merz KM, Ferguson DM, Spellmeyer DC, Fox T, Caldwell JW &
Kollman PA (1995). A second generation force field for the simulation of proteins, nucleic acids,
and organic molecules. J. Am. Chem. Soc. 117: 5179-5197.

Cornell WD, Cieplak P, Bayly CI, Gould IR, Merz KM, Ferguson DM, Spellmeyer DC, Fox T, Caldwell JW &
Kollman PA (1996). A second generation force field for the simulation of proteins, nucleic acids,
and organic molecules J. Am. Chem. Soc. 1995, 117, 5179-5197. J. Am. Chem. Soc. 118: 2309.

DeLano WL (2002) The PyMOL molecular graphics system. DeLano Scientific, Palo Alto, CA, USA.
Dobzhansky T (1964). Biology, molecular and organismic. Am. Zool. 4: 443-452.

Enyedy I, Kovach I & Brooks B (1998). Alternate pathways for acetic acid and acetate ion release from
acetylcholinesterase: a molecular dynamics study. J. Am. Chem. Soc. 120: 8043-8050.

Frisch MJ, Trucks GW, Schlegel HB, Gill PMW, Johnson BdJ, Robb MA, Cheeseman JR, Keith T, Petersson
GA, Montgomery JA, Raghavachari K, Al-Laham MA, Zakrzewski VG, Ortiz JV, Foresman JB,
Cioslowski J, Stefanov BB, Nanayakkara A, Challacombe M, Peng CY, Ayala PY, Chen W, Wong
MW, Andres JL, Replogle ES, Gomperts R, Martin RL, Fox DJ, Binkley JS, Defrees DJ, Baker J,
Stewart JP, Head-Gordon M, Gonzalez C & Pople JA (1994) Gaussian 94 (Revision D4).
Gaussian, Inc., Pittsburg, PA, USA.

Hegyi H & Gerstein M (1999). The relationship between protein structure and function: a comprehensive
survey with application to the yeast genome. JJ. Mol. Biol. 288: 147-164.

Hritz J, Zoldak G & Sedlak E (2006). Cofactor assisted gating mechanism in the active site of NADH oxidase
from Thermus thermophilus. Proteins, 64: 465-476.

49



Igumenova TI, Frederick KK & Wand AJ (2006). Characterization of the fast dynamics of protein amino
acid side chains using NMR relaxation in solution. Chem. Rev. 106: 1672-1699.

Ikehara K (2005). Possible steps to the emergence of life: the [GADV]-protein world hypothesis. Chem. Rec.
5:107-118.

Iwasaki I, Utsumi S & Ozawa T (1952). New colorimetric determination of chloride using mercuric
thiocyanate and ferric ion. Bull. Chem. Soc. Jap. 25: 226.

Janssen DB, Scheper A, Dijkhuizen L & Witholt B (1985). Degradation of halogenated aliphatic compounds
by Xanthobacter autotrophicus GJ10. Appl. Environ. Microbiol. 49: 673-677.

Jarymowycz VA & Stone MJ (2006). Fast time scale dynamics of protein backbones: NMR relaxation
methods, applications, and functional consequences. Chem. Rev. 106: 1624-1671.

Karplus M & Kuriyan J (2005). Molecular dynamics and protein function. Proc. Natl. Acad. Sci. U.S.A.
102: 6679-6685.

Karush F (1950). Heterogeneity of the binding sites of bovine serum albumin. J. Am. Chem. Soc. 72: 2705-
2713.

Kendrew JC (1962). Myoglobin and the structure of proteins. In Nobel Lectures Chemistry 1942-1962 (pp.
676-698). Elsevier Publishing Co. (1964), Amsterdam, The Netherlands.

Khajehpour M, Rietveld I, Vinogradov S, Prabhu NV, Sharp KA & Vanderkooi JM (2003). Accessibility of
oxygen with respect to the heme pocket in horseradish peroxidase. Proteins, 53: 656-666.

Koshland Jr. DE (1958). Application of a theory of enzyme specificity to protein synthesis. Proc. Natl.
Acad. Sci. U.S.A. 44: 98-104.

Koshland Jr. DE (1976). Role of flexibility in the specificity, control and evolutiion of enzymes. FEBS Lett.
62: E47-52.

Koshland Jr. DE (1995). The key-lock theory and the induced fit theory. Angew. Chem. Int. Ed. 33: 2375-
2378.

Koshland Jr. DE (1996). The structural basis of negative cooperativity: receptors and enzymes. Curr. Opin.
Struct. Biol. 6: T57-761.

Koshland Jr. DE (2002b). The seven pillars of life. Science, 295: 2215-2216.

Kulakova AN, Larkin MJ & Kulakov LA (1997). The plasmid-located haloalkane dehalogenase gene from
Rhodococcus rhodochrous NCIMB 13064. Microbiol. 143: 109-115.

Kurakin A (2009). Scale-free flow of life: on the biology, economics, and physics of the cell. Theor. Biol. Med.
Modell. 6: 6-33.

Li W, Liu H, Scott EE, Griter F, Halpert JR, Luo X, Shen J & Jiang H (2005). Possible pathway(s) of

testosterone egress from the active site of cytochrome P450 2B1: A steered molecular dynamics
simulation. Drug Metab. Dispos. 33: 910-919.

50



Liidemann SK, Lounnas V & Wade RC (2000a). How do substrates enter and products exit the buried
active site of cytochrome P450cam? 1. Random expulsion molecular dynamics investigation of
ligand access channels and mechanisms. J. Mol. Biol. 303: 797-811.

Liidemann SK, Lounnas V & Wade RC (2000b). How do substrates enter and products exit the buried
active site of cytochrome P450cam? 2. Steered molecular dynamics and adiabatic mapping of
substrate pathways. J. Mol. Biol. 303: 813-830.

McCammon JA & Karplus M (1977). Internal motions of antibody molecules. Nature, 268: 765-766.

Morris GM, Goodsell DS, Halliday RS, Huey R, Hart WE, Belew RK & Olson AJ (1998). Automated docking
using a Lamarckian genetic algorithm and an empirical binding free energy function. /. Comput.

Chem. 19: 1639-1662.

Ochman H, Gerber AS & Hartl DL (1988). Genetic applications of an inverse polymerase chain reaction.
Genetics, 120: 621-623.

Ollis DL, Cheah E, Cygler M, Dijkstra B, Frolow F, Franken SM, Harel M, Remington SJ, Silman I & Schrag
J (1992). The alpha/beta hydrolase fold. Protein Eng. 5: 197-211.

Parak FG (2003). Proteins in action: the physics of structural fluctuations and conformational changes.
Curr. Opin. Struct. Biol. 13: 552-557.

Petiek M, Kosinova P, Ko¢a J & Otyepka M (2007). MOLE: a Voronoi diagram-based explorer of molecular
channels, pores, and tunnels. Structure, 15: 1357-1363.

Prokop Z, Monincovd M, Chaloupkova R, Klvana M, Nagata Y, Janssen DB & Damborsky J (2003).
Catalytic mechanism of the maloalkane dehalogenase LinB from Sphingomonas paucimobilis
UT26. J. Biol. Chem. 278: 45094-45100.

Radzicka A & Wolfenden R (1995). A proficient enzyme. Science, 267: 90-93.

Ripoll DR, Faerman CH, Axelsen PH, Silman I & Sussman JL (1993). An electrostatic mechanism for
substrate guidance down the aromatic gorge of acetylcholinesterase. Proc. Natl. Acad. Sci. U.S.A.
90: 5128-5132.

Rueda M, Ferrer-Costa C, Meyer T, Pérez A, Camps J, Hospital A, Gelpi JL & Orozco M (2007). A consensus
view of protein dynamics. Proc. Natl. Acad. Sci. U.S.A. 104: 796-801.

Ruiz-Mirazo K, Peret6 J & Moreno A (2004). A universal definition of life: autonomy and open-ended
evolution. Origins Life Evol. Biosphere, 34: 323-346.

Schanstra JP, Kingma J & Janssen DB (1996b). Specificity and kinetics of haloalkane dehalogenase. J.
Biol. Chem. 271: 14747-14753.

Schleinkofer K, Sudarko, Winn PJ, Liidemann SK & Wade RC (2005). Do mammalian cytochrome P450s
show multiple ligand access pathways and ligand channelling? EMBO Rep. 6: 584-589.

Shine J & Dalgarno L (1975). Determinant of cistron specificity in bacterial ribosomes. Nature, 254: 34-38.

Stewart JJ (1990). MOPAC: a semiempirical molecular orbital program. J. Comput. Aided Mol. Des. 4: 1-
105.

51



Stsiapanava A, Koudelakova T, Lapkouski M, Pavlovd M, Damborsky J & Kutd-Smatanova I (2008).
Crystals of DhaA mutants from Rhodococcus rhodochrous NCIMB 13064 diffracted to ultrahigh
resolution: crystallization and preliminary diffraction analysis. Acta Crystallogr., Sect. F: Struct.
Biol. Cryst. Commun. 64: 137-140.

Sullivan SM & Holyoak T (2008). Enzymes with lid-gated active sites must operate by an induced fit
mechanism instead of conformational selection. Proc. Natl. Acad. Sci. U.S.A. 105: 13829-13834.

Tara S, Helms V, Straatsma TP & McCammon JA (1999). Molecular dynamics of mouse acetylcholinesterase
complexed with huperzine A. Biopolymers, 50: 347-359.

Triglia T, Peterson MG & Kemp DJ (1988). A procedure for in vitro amplification of DNA segments that lie
outside the boundaries of known sequences. Nucleic Acids Res. 16: 8186.

Van Belle D, De Maria L, Iurcu G & Wodak SJ (2000). Pathways of ligand clearance in acetylcholinesterase
by multiple copy sampling. J. Mol. Biol. 298: 705-726.

Verschueren KH, Seljée F, Rozeboom HdJ, Kalk KH & Dijkstra BW (1993d). Crystallographic analysis of the
catalytic mechanism of haloalkane dehalogenase. Nature, 363: 693-698.

Wade RC, Winn PJ, Schlichting I & Sudarko (2004). A survey of active site access channels in cytochromes
P450. J. Inorg. Biochem. 98: 1175-1182.

Wang T & Duan Y (2007). Chromophore channeling in the G-protein coupled receptor rhodopsin. J. Am.
Chem. Soc. 129: 6970-6971.

Winn PJ, Lidemann SK, Gauges R, Lounnas V & Wade RC (2002). Comparison of the dynamics of substrate
access channels in three cytochrome P450s reveals different opening mechanisms and a novel
functional role for a buried arginine. Proc. Natl. Acad. Sci. U.S.A. 99: 5361-5366.

Woese CR (2001). Translation: in retrospect and prospect. RNA, 7: 1055-1067.

Wolfenden R (1974). Enzyme catalysis: conflicting requirements of substrate access and transition state
affinity. Mol. Cell. Biochem. 3: 207-211.

Xu Y, Shen J, Luo X, Silman I, Sussman JL, Chen K & Jiang H (2003). How does huperzine A enter and
leave the binding gorge of acetylcholinesterase? Steered molecular dynamics simulations. J. Am.
Chem. Soc. 125: 11340-11349.

Yaffe E, Fishelovitch D, Wolfson HJ, Halperin D & Nussinov R (2008). MolAxis: efficient and accurate
identification of channels in macromolecules. Proteins, 73: 72-86.

Zelent B, Kaposi A, Nucci N, Sharp K, Dalosto S, Wright W & Vanderkooi J (2004). Water channel of
horseradish peroxidase studied by the charge-transfer absorption band of ferric heme. JJ. Phys.

Chem. B, 108: 10317-10324.

Zhou HX, Wlodek ST & McCammon JA (1998). Conformation gating as a mechanism for enzyme specificity.
Proc. Natl. Acad. Sci. U.S.A. 95: 9280-9283.

52



Curriculum vitae

First Name: Martin

Last Name: Klvana

Nationality: Czech

Languages: Czech (native), English (advanced)
Residence: Brno, Czech Republic

E-mail address: martin.mk.klvana@gmail.com
Cell phone: +420 737 319 948

Web site: http://www.martinklvana.com/

Education

M.S. General Biology/Microbiology (2004): Faculty of Science, Masaryk University, Brno, Czech
Republic.

Affiliation

None: Mar 13, 2009 to present.

Loschmidt Laboratories (formerly Protein Engineering Group): May 06, 2002 to Mar 12, 2009.
National Centre for Biomolecular Research (2002-2008) and Department of Experimental Biology (2009),
Faculty of Science, Masaryk University, Brno, Czech Republic.

Visits

Computational Chemistry Group of Prof. Shigenori Tanaka: Sep 01 to Nov 29, 2005, Graduate
School of Science and Technology, Kobe University, Kobe, Japan.

Molecular and Cellular Modelling group of Dr. Rebecca C. Wade: Sep 24 to Dec 18, 2004, EML
Research, Heidelberg, Germany.

Laboratory of Bioinformatics and Protein Engineering of Dr. Janusz M. Bujnicki: Jun 30 to Jul
11, 2003, International Institute of Molecular and Cell Biology Warsaw, Poland.

Awards

Award of the Rector of the Masaryk University (2004): Brno, Czech Republic.
2" prize at Student Scientific Conference (2003): Komensky University, Bratislava, Slovakia.

Research interests

Keywords: (Micro)biology; general principles of life; relationships between structure, dynamics, function and
evolution of proteins; molecular docking; molecular dynamics; collaboration with experimentalists.

Primary goal: Knowledge.

Theses

Diploma thesis (2004): Computer modelling of bacterial enzymes involved in degradation of halogenated

hydrocarbons (research supervisor: Jifi Damborsky; methodological advisors: Michal Boha¢ and Jan
Kmunicek). Department of Microbiology, Faculty of Science, Masaryk University, Brno, Czech Republic.

53


http://www.martinklvana.com/
mailto:martin.mk.klvana@gmail.com

Research articles

6. Klvana M, Pavlova M, Koudeldkova T, Chaloupkova R, Dvotak P, Prokop Z, Stsiapanava A, Kuty M, Kut4-
Smatanova I, Dohnalek J, Kulhdnek P, Wade RC & Damborsky J (2009). Pathways and mechanisms for
product release in the engineered haloalkane dehalogenases explored using classical and random acceleration
molecular dynamics simulations. J. Mol. Biol. 392: 1339-1356. PMID: 19577578.

5. Klvania M, Pavlova M, Prokop Z, Chaloupkova R, Banas P, Otyepka M, Wade R, Nagata Y & Damborsky J
(2009). Redesigning dehalogenase access tunnels as a strategy for degrading an anthropogenic substrate.
Nat. Chem. Biol. 5: 727-733. PMID: 19701186.

4. Ito M, Prokop Z, Klvaria M, Otsubo Y, Tsuda M, Damborsky J & Nagata Y (2007). Degradation of
B-hexachlorocyclohexane by haloalkane dehalogenase LinB from hexachlorocyclohexane-utilizing bacterium
Sphingobium sp. M11205. Arch. Microbiol. 188: 313-325. PMID: 17516046.

3. Pavlova M, Klvana M, Jesenska A, Prokop Z, Koneéna H, Sato T, Tsuda M, Nagata Y & Damborsky J
(2007). The identification of catalytic pentad in the haloalkane dehalogenase DhmA from Mycobacterium
avium N85: Reaction mechanism and molecular evolution. J. Struct. Biol. 157: 384-392. PMID: 17084094.

2. Oakley A, Klvana M, Otyepka M, Nagata Y, Wilce MCJ & Damborsky J (2004). Crystal structure of
haloalkane dehalogenase LinB from Sphingomonas paucimobilis UT26 at 0.95 A resolution: Dynamics of
catalytic residues. Biochemistry 43: 870-878. PMID: 14744129.

1. Prokop Z, Monincovd M, Chaloupkova R, Klvana M, Nagata Y, Janssen DB & Damborsky J (2003).
Catalytic mechanism of the haloalkane dehalogenase LinB from Sphingomonas paucimobilis UT26. J. Biol.
Chem. 278: 45094-45100. PMID: 12952988.

Software

Andres F, Benes§ P, Brezovsky J, Chovancova E, Jasa P, Klvana M, Kozlikova B, Medek P, Pavelka A, Szabé
T, Zamborsky M, Zruban M (in alphabetical order), Sochor J & Damborsky J (2009). CAVER 2.0 tunnel
calculation program. Human Computer Interaction Laboratory and Loschmidt Laboratories (in alphabetical
order), Masaryk University, Brno, Czech Republic. http:/www.loschmidt.chemi.muni.cz/caver

Lectures

6. Klvanna M & Damborsky J: Cavities and tunnels in enzymes (Czech). Bioinformatics III — Structural
bioinformatics and molecular modelling. Oct 12, 2006; Brno, Czech Republic.

5. Klvana M, Kulhanek P, Wade RC & Damborsky J: Modelling of product release and identification of
export routes in the haloalkane dehalogenase DhaA (English). 5" Discussions in Structural Biology and
Bioinformatics. Mar 16 - 18, 2006; Nové Hrady, Czech Republic.

4. Klvana M, Kulhdnek P, Wade RC & Damborsky J: Modelling of export routes in haloalkane dehalogenase
DhaA (English). Sep 6, 2005; Kobe University, Japan.

3. Klvana M, Pavlovd M, Jesenskda A, Kone¢na H, Nagata Y & Damborsky J: Homology modelling of
haloalkane dehalogenase DhmA (Czech). Czech and Slovak Student Scientific Conference. May 1, 2004;
Brno, Czech Republic.

2. Klvania M, Oakley A & Damborsky J: Dynamics of catalytic residues of haloalkane dehalogenase LinB:
Insight from X-ray crystallography and quantum mechanical calculations (English). Jul 9, 2003;
International Institute of Molecular and Cell Biology, Warsaw, Poland.

1. Klvana M, Boha¢ M & Damborsky J: Computer modelling of bacterial hydrolytic dehalogenation reaction
(Czech). Student Scientific Conference. Apr 9 - 10, 2003; Bratislava, Slovakia.

54


http://www.loschmidt.chemi.muni.cz/caver

Posters

2. Klvana M, Pavlova M, Koudeldkovd T, Chaloupkova R, Dvoirdk P, Stsiapanava A, Kuty M, Kutd
Smatanova I, Dohnélek J, Kulhdnek P, Wade RC & Damborsky J: Pathways and mechanisms of product exit
and water exchange pathways in engineered haloalkane dehalogenase DhaA explored using classical and
random acceleration molecular dynamics simulations (English). ESF Conference: Protein Design and
Evolution for Biocatalysis, Oct 25 - 30, 2008; Saint-Feliu de Guixols, Spain.

1. Klvana M, Pavlovd M, Koneéna H, Nagata Y & Damborsky J: Homology modelling of haloalkane
dehalogenase DhmA (English). EMBO Course on Biomolecular Simulation, Jul 18 - 25, 2004; Paris, France.

55



Publications Associated with the Dissertation Thesis

Original research articles

2. Klvana M, Pavlova M, Koudeldkova T, Chaloupkova R, Dvotrdk P, Prokop Z, Stsiapanava A,
Kuty M, Kutda-Smatanova I, Dohnalek J, Kulhanek P, Wade RC & Damborsky J (2009).
Pathways and mechanisms for product release in the engineered haloalkane dehalogenases

explored using classical and random acceleration molecular dynamics simulations. J. Mol.
Biol. 392: 1339-1356. PMID: 19577578.

1. Klvana M, Pavlova M, Prokop Z, Chaloupkova R, Banas P, Otyepka M, Wade R, Nagata Y
& Damborsky J (2009). Redesigning dehalogenase access tunnels as a strategy for degrading
an anthropogenic substrate. Nat. Chem. Biol. 5: 727-733. PMID: 19701186.

Sofware

Andres F, Bene§ P, Brezovsky J, Chovancova E, Jasa P, Klvana M, Kozlikova B, Medek P,
Pavelka A, Szab6 T, Zamborsky M, Zruban M (in alphabetical order), Sochor J & Damborsky J
(2009). CAVER 2.0 tunnel calculation program. Human Computer Interaction Laboratory and
Loschmidt Laboratories (in alphabetical order), Masaryk University, Brno, Czech Republic.
http://www.loschmidt.chemi.muni.cz/caver

Conference Proceedings

2. Klvana M, Pavlova M, Koudeldakova T, Chaloupkova R, Dvoirak P, Stsiapanava A, Kuty M,
Kuta Smatanova I, Dohnalek J, Kulhanek P, Wade RC & Damborsky J: Pathways and
mechanisms of product exit and water exchange pathways in engineered haloalkane
dehalogenase DhaA explored using classical and random acceleration molecular dynamics
simulations (poster; English). ESF Conference: Protein Design and Evolution for Biocatalysis
(pp. 78). Oct 25 - 30, 2008; Saint-Feliu de Guixols, Spain.

1. Klvania M, Kulhanek P, Wade RC & Damborsky J: Modelling of product release and
identification of export routes in the haloalkane dehalogenase DhaA (lecture; English). 5"
Discussions in Structural Biology and Bioinformatics (pp. 18). Mar 16 - 18, 2006; Nové Hrady,
Czech Republic.

56


http://www.loschmidt.chemi.muni.cz/caver

