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Borrelia burgdorferi

Borrelia jest gramujemnym kretkiem posiadajacym 7-11 peryplazmatycznych
rzgsek. Dhugos¢ komorki waha si¢ od 10 do 30 pum, szerokos¢ od 0,2 do 0,5 pm
(BARBOUR, HAYES 1986).Borrelia burgdorferijest pasozytem wewnatrzkomorkowym
kleszczy z rodzajuxodes dla cztowieka jest czynnikiem etiologicznym odkleszczowe;j
choroby z Lyme (BRGDORFERi wspOlpr. 1982). Analiza molekularna ujawnita, ze
Borrelia burgdorferi to grupa blisko spokrewnionych gatunkéw, okreslana obecnie
mianemBorrelia burgdorferisensu lato, do ktorej zalicza si¢ B. afzelii(BARANTON et
al. 1992, @nNica et al. 1993) B. garinii (BARANTON et al. 1992) B. japonica
(KAWABATA et al. 1993) B. andersoni(MARCONI et al. 1995) B. tanukiii B. turdi
(FUKUNAGA et al. 1996)B. valaisiana(WANG et al. 1997)B. lusitaniag(LE FLECHE et
al. 1997) B. bissettii(PosTIC et al. 1998), oraz oczywiscie B. burgdorferisensu stricto
(BARANTON et al. 1992). Do tej pory catkowicie zsekwencjonowano tylko jeden szczep,
B. burgdorferisensu stricto B31, ktory jest przedmiotem niniejszej pracy.

Na genomB. burgdorferiB31 sktada si¢ liniowy chromosom o dtugosci 910,725
par zasad (RASER i wspOlpr. 1997) oraz 12 liniowych i 9 kolistych plazmidow o
tacznej dhugosci 610,694 par zasad (CASJENS i wspotpr. 2000). 93% chromosomu
stanowia 853 sekwencje kodujace, funkcje ok. 60% z nich zostaly poznane. Miejsce
inicjacji dwukierunkowej replikacji znajduje si¢ posrodku chromosomu, co potwierdza
jego genetyczna organizacja LfDi wspotpr. 1993) i GC skew (FRASER i wspotpr.
1997), natomiast eksperymentalnie potwierdzili toARDEAU 1 wspotpr. (1999). Taki
sposbb replikacji decyduje onty ze potowa nici Watsona jest replikowana w sposdb
ciagly, jako ni¢ wiodaca, a potowa jest syntetyzowana z fragmentow Okazaki jako nié
opozniajaca. Komplementarne potowy nici Cricka sa replikowane odpowiednio jako ni¢
opozniajaca 1 wiodaca (patrz schemat organizacji genomu, str. 15). Pomimo, Zze obie
nici sa identycznej dtugos$ci, na nici wiodacej znajduje si¢ sensowna ni¢ 564 ORFow,

natomiast na opdzniajacej — 286.



Asymetria DNA

Do analizy wybrano chromosorB. burgdorferj poniewaz charakteryzuje go
najwigksza asymetria w sktadzie nukleotydowym DNA sposrod dotychczas
zsekwencjonowanych genomoOw bakteryjnych. Czym jest asymetria DNA? W
podwojnej helisie DNA obowiazuje zasada komplementarnosci: liczba adenin w
czasteczce jest taka sama jak liczba tymin, natomiast liczba guanin odpowiada liczbie
cytozyn, co jest spelnieniem regut CHARGAFFa (1950). Gdyby czasteczka byla
symetryczna, to te same reguly obowiazywatyby rowniez w obrgbie jednej nici. Jest to
tak zwana druga regula parowania (LOBRY 1995). Tak wigc, gdyby wymieszaé
nukleotydy chromosom®. burgdorferii utworzy¢ z nich nowa czasteczke w sposob
losowy, ni¢ wiodaca nie rdéznitaby sig statystycznie od opdzniajacej (Tabela 1, str. 19).
Asymetria DNA definiowana jest jako odchylenie od rownosci [A]=[T] i [G]=[C] w
pojedynczej nici. Jednym z mechanizméw generujacych asymetri¢ w genomach jest
presja mutacyjna zwigzana z replikacja. Potowki nici Watsona prawdziwego
chromosomuB. burgdorferi sa replikowane w rdézny sposob i roéznia si¢ znaczaco
sktadem nukleotydowym (Tabela 1). Ni¢ wiodaca jest bogata w tyming i guaning,

natomiast opozniajaca —w adening i cytozyng.

Mechanizmy generujace asymetrig

Substytucja nukleotydu na jednej nici DNA prowadzi roéwniez do zmiany na nici
komplementarnej. Jednak, aby zrozumie¢ pochodzenie i znaczenie asymetrii, nalezy
okresli¢ gdzie 1 w jaki sposdb zachodza pierwotne zmiany, ktore prowadza do réznych

substytucji w réznych regionach chromosomu.

Mechanizmy, ktére moga wprowadza¢ asymetri¢ do nici DNA, byly wielokrotnie
dyskutowane frace przegladowe: FRANCINO, OCHMAN 1997, MRAZEK, KARLIN 1998,
FRANK, LOBRY 1999, KarRLIN 1999, TLLIER, COLLINS 2000a, KOwALczuk et al.
2001a). Sktad nukleotydowy sekwencji jest ksztaltowany przez dwie rdzne, a czasami
przeciwne sily: presj¢ mutacyjna 1 selekcyjna. Presja mutacyjna to specyficzne
substytucje wprowadzane do DNA podczas replikacji i transkrypcji. Presja selekcyjna
natomiast jest zwiazana gtownie z funkcja kodowanych bialek, a wigc skladem

kodonowym gendéw 1 ich polozeniem na chromosomie, oraz sktadem sekwencji



kontrolujacych. Aby zobaczy¢ dziatanie wylacznie presji mutacyjnej, nalezatoby

znalez¢ w genomie sekwencje nie podlegajace selekcji.

Sekwencja DNA znajduje si¢ w stanie rdwnowagi z presja mutacyjna, gdy ogdlny
sktad nukleotydowy odpowiada czgstosciom substytucji 1 nie podlega on dalszym
zmianom ilo$ciowym. Natomiast, kiedy sekwencja kodujaca zaadaptuje si¢ do
panujacej presji selekcyjnej, jej skilad nie zmienia si¢ 1 znajduje si¢ ona w stanie
rownowagi dynamicznej, ale odchylonym od stasgkwencji nie podlegajacych
selekcji. Sparametryzowana odlegltos¢ migdzy dana sekwencja a sekwencja w stanie

roOwnowagi jest miarg presji selekcyjnej.

Obrazowanie i pomiar asymetrii - spacery DNA

Aby zobrazowaé asymetri¢, dana sekwencje dzieli si¢ zwykle na odcinki (zwane
oknami), w ktorych zlicza si¢ badane nukleotydy lub réznice w ich liczbie 1 wynik
przedstawia na wykresie w skali chromosomu. Rys. la (str. 37) przestawia wartosci
roznic [G]-[C] dla kolejnych odcinkow nici Watsona. Wartosci te sa przewaznie ujemne
dla czeg$ci opdzniajacej 1 przewaznie dodatnie dla czgsci wiodacej. Obszar zmiany
trendu pokrywa si¢ z potozeniem punktu inicjacji replikacji (ori), ale silne fluktuacje
utrudniaja analiz¢ (MRAZEK, KARLIN 1998). Aby uzyska¢ bardziej czytelny obraz,
mozna zwigkszy¢ rozmiar okna (Rys. 1b) lub analizowa¢ sekwencje oknami
zachodzacymi (Rys. lc, LOBRY 1996a). Jednak, jesli okna sa zbyt duze, nie mozna
precyzyjnie okresli¢ miejsca zmiany trendu (MCLEAN et al. 1998). Tych probleméw
mozna unikna¢, jesli wartosci réznic [G]-[C] zostana skumulowane (Rys. 2a).
Kumulatywne diagramy stosowaliR&ORIEV (1998), REEMAN i wspolpr. (1998) oraz
TILLIER i CoOLLINS (2000a). Najlepsze wyniki analizy daje jednak metoda spaceréw
DNA opracowana przez HEBRATA | DUDKA (1998) oraz rozwinig¢ta przez
MACKIEWICZA 1 wspolpr. (1999a,b). Spacerowicz analizuje sekwencje odcinkami lub
nukleotyd po nukleotydzie. Aby uwypukli¢ lokalne trendy, przeskalowano warto$ci
roéznic [G]-[C] tak, aby wykres, (czyli spacer po sekwenciji nici Watsonayiyt sic w
punkcie y=0 (Rys. 2b), oraz podzielono wartosci przez dlugo$¢ analizowanej sekwencji,
aby je znormalizowa¢ i umozliwi¢ poréwnanie asymetrii sekwencji o réznej dtugosci

(Rys. 2¢).



Transformacje spaceréw —rozdzielenie roznych rodzajow asymetrii

Dodawanie i odejmowanie spacerOw pozwala na rozdzielenie asymetrii wynikajacej
z dziatania roznych proceséw. Procesy te mozna podzieli¢ na dwie gtdéwne grupy: takie,
ktore jednakowo oddzialuja na nici Watsona 1 Cricka (asymetria ma taki sam znak na
obu nciach), oraz takie, ktére dziataja przeciwnie (asymetria ma na jednej nici znak
dodatni, na drugiej ujemny). Jesli odejmie si¢ wartosci spaceréw dla nici Watsona i
Cricka, asymetria o takim samym znaku zniknie, a o znakach przeciwnych — zostanie
uwypuklora. Ten typ asymetrii wprowadzany jest przez procesy zwiazane z replikacja, i
roéznicuje on ni¢ wiodaca 1 opozniajaca. Spacery DNA pozwalaja na analiz¢ zarowno
roznic [G]-[C] i [A]-[T] (Rys. 3a), jak i asymetrii w rozkladzie poszczegodlnych
nukleotydow (Rys. 3b). Dodanie tych samych spaceréw spowoduje zanik asymetrii
wynikajacej z replikacji, 1 ujawnienie si¢ asymetrii zwiazanej z transkrypcja gendéw i
kodowaniem biatek, ktore nie zaleza od sposobu replikacji nici. Ten typ asymetrii nie
wystepuje w chromosomie B. burgdorferi(Rys. 4). Trendy widoczne na wykresach sa

statystycznie nieistotne.

Tego typu spacery mozna wykona¢ nie tylko dla sekwencji catego chromosomu, ale
takze dla sekwencji sklejonych ORFow, osobno dla kazdej pozycji w kodonie, oraz dla
sekwencji migdzygenowych (lezacych pomigdzy ORFami). Odejmowanie spacerow
(Rys. 67) pokazuje obecno$¢ asymetrii zwiazanej z replikacja w kazdej pozycji w
kodonie oraz w sekwencjach migdzygenowych, natomiast dodawanie (Rys. 8-9)
ujawnia brak wptywu transkrypcji i proceséw zwiazanych z kodowaniem na asymetrig.
Asymetria obserwowana w genomnie burgdorferijest generowana wylacznie przez
procesy zwiazane z replikacja (MACKIEWICZ 1 wspolpr. 1999c¢), a nie z transkrypcja, jak
proponowali niektorzy autorzy @RETSKII, BHAGWAT 1996,FRANCINO i wspotpr. 1996,
FRANCINO, OCHMAN 1997 FREEMAN 1 wspotpr. 1998). Najwigksza asymetri¢ obserwuje
si¢ w trzecich pozycjach w kodonie. Jest to zrozumiale, poniewaz w wigkszoS$ci
przypadkow tranzycja w tej pozycji nie powoduje zmiany sensu kodowanego
aminokwasu, natomiast transwersja, ktéra jest o wiele mniej prawdopodobna, zmienia
sens kodonu jedynie w potowie przypadkéw (patrz tablica kodu genetycznego, str. 17).
Asymetria puryn i pirymidyn w trzecich pozycjach kodonéw czterokrotnie
zdeg@erowanych jest trzykrotnie wigksza niz w trzecich pozycjach kodonow
dwukrotnie zdegenerowanych (Rys. 15). Ciekawe jest to, ze asymetria w trzecich

pozycjach jest wigksza nawet niz w sekwencjach migdzygenowych. Prawdopodobnie



sekwencje migdzygenowe latwiej moga przenosi¢ si¢ pomigdzy nicia wiodaca a
opozniajaca niz geny. 96% gendéw bialek rybosomalnych potozonych jest na nici
wiodacej, co wskazuje na nieprzypadkowe rozmieszczenie genéw na chromosomie.
Asymetri¢ stwierdza si¢ takze w pierwszych i drugich pozycjach. Jesli rozne typy
substytucji zachodza na niciach wiodacych i1 opdzniajacych w pierwszych i drugich
pozycjach w kodonie, musi prowadzi¢ to do asymetrycznych podstawien aminokwasow
w biatkach 1 do asymetrii w potozeniu kodondéw réznych aminokwaséw na

chromosomie (Rys. 16).

Spacery typu ,,pajaczek”

Innym rodzajem spaceru, przydatnym w analizie asymetrii, jest tak zwany
»pajaczek”. W tej metodzie mierzy si¢ jednoczes$nie asymetri¢ w rozktadzie wszystkich
czterech nukleotydéw. Sekwencja zostaje podzielona na niewielkie okna lub jest
analizowana nukleotyd po nukleotydzie. Je§li w badanym oknie przewaza guanina,
,»no0zka pajaczka”, czyli wykres kieruje si¢ w gorg, jesli cytozyna — w dot, jesli adenina
— w prawo, jesli tymina — w lewo. Wykresy dla pierwszej i drugiej pozycji w ORFach
lezacych na niciach wiodacych i1 opo6zniajacych wykazuja wspolne cechy (Rys. 10).
Pierwsze pozycje w kodonach bogate sa w guaning i adening, dlatego wykresy
spacerow znajduja si¢ w pierwsze] C¢wiartce ukladu wspotrzednych. W drugich
pozygach przewaza adenina i cytozyna, dlatego wykresy potozone sa w czwartej
¢wiartce. Te preferencje sa uniwersalne i zwiazane z kodowaniem biatek (WONG,
CEDERGREN1986, AANG, ZHANG 1991, QTIERREZ et al.1996, EBRAT et al. 1997b,
1998, MRAZEK, KARLIN 1998, MCLEAN et al. 1998, WNG 1998). Trzecie pozycje w
kodonach wykazuja przeciwne trendy na niciach wiodacych 1 op6zniajacych. Trendy te
sa zgodne z preferencjami obserwowanymi w catej sekwencji 1 w sekwencjach
migdzygenowych: ni¢ wiodaca jest bogata w guaning i tyming, opdzniajaca — w adening
1 cytozyng. Sekwencja migdzygenowa odczytana z nici wiodacej nie wykazuje struktury
tripletowej, w kazdej ,,pozycji” wida¢ taki sam trend, typowy dla nici wiodacej (Rys.
11a). Jednak w genomie mozna takze odnalez¢ sekwencje migdzygenowe pochodzace
ze zduplikowanych genéw, ktore zachowaly jeszcze $lady swojej przesztosci.
Sekwencja na Rys. 11b posiada strukture tripletowa i mozna okresli¢ fazg¢ (ramke
odczytu), w ktorej niegdys kodowata ona biatko, jednak wszystkie ,,n6zki” odchylone

sa juz w kierunku typowym dla sekwencji migdzygenowych.



»Pajaczek” moze takze postuzy¢ do analizy sekwencji sklejonych ORFow z nici
wiodacej 1 opdzniajacej (Rys. 12). W celu normalizacji, warto$ci spacerdw zostaty
podzielone przez dlugos¢ odpowiednich sekwencji, aby poréwna¢ asymetri¢ sekwencji
o roznej dlugosci. Wida¢ w nich takie same trendy jak w pojedynczych ORFach, tylko
bardziej wyrazne. Sekwencje mig¢dzygenowe zostaly odczytane dwukrotnie, z nici
wiodacej 1 opdzniajacej, aby pokazaé ich przeciwne trendy. Ich wykresy sa idealnie
symetryczne. Nalezy zwroci¢ uwagg, ze trzecie pozycje w kodonach ORFow z nici
wiodacej, to inne sekwencje niz trzecie pozycje w kodonach ORFoéw z nici
op6zniajacej, a jednak one rowniez wykazuja lustrzana asymetri¢. Wskazuje to na silny

wplyw presji mutacyjnej na ich sktad nukleotydowy.

Dhugie ,no6zki” $wiadcza o silnych trendach, czyli preferencjach w sktadzie
nukleotydowym sekwencji, natomiast wykresy krotkie 1 poplatane Swiadcza o bardziej
stochastycznym uktadzie nukleotydow w sekwencji. Parametry wykreséw ,,pajaczkow”,
takie jak dhlugos¢ wektora ,no6zki” 1 kat jego nachylenia do osi x, moga byc
wykorzystane do dalszej analizy asymetriegBAT et al. 1997b, €BRAT et al. 1998,
KOWALCZUK et al. 1999a). Katy nachylenia spaceru mozna przedstawi¢ na ptaszczyznie
o skonczonej powierzchni, ktora jest w rzeczywistosci powierzchnia torusa (Rys. 13).
Na wykresie przedstawiajacym katy nachylenia spaceréw po pierwszych pozycjach do
katéw spaceréw po trzecich pozycjach, ORFy z nici wiodacej 1 opdzniajacej tworza
dwie odregbne, nie nachodzace na siebie grupy. Sktad nukleotydowy ORFu zdradza jego
potozenie na nici, a nawet sktad aminokwasowy biatka pozwala okresli¢ gdzie lezy
kodujacy je gen. Te cechy, oraz znaczna asymetria zwigzana z replikacja, widoczna w
kazdej pozycji w kodonach a zwlaszcza w trzecich pozycjach, wskazuja na to, ze geny
B. burgdorferi od dawna nie ulegaty translokacjom na ni¢ przeciwna i ich sktad

nukleotydowy dostosowat si¢ do potozenia na chromosomie.

Okreslenie presji mutacyjnej — konstrukcja tablicy przej$s¢ mutacyjnych

Analiza spacerow DNA nie moze ujawnic, jakie substytucje generuja obserwowana
asymetrig, czyli jaka jest presja mutacyjna na sekwencjg. Asymetryczny sktad DNA
moze by¢ uzyskany przez nieskonczona liczbg kombinacji czgstosci 12 typow
substytucji. Co wigcej, sktad sekwencji zalezy nie tylko od presji mutacyjnej, ale takze
od selekcji, ktora bezlitosnie eliminuje wszystkie niekorzystne substytucje. Jednak

sekwencje miedzygenowe pochodzace ze zduplikowanych gendw powinny



akumulowa¢ wszystkie substytucje. Ich porownanie z macierzystymi genami ujawnia
czestosci wszystkich przejs¢ mutacyjnych (KOWALCzUK 1 wspotpr. 2001a). Aby
odnalez¢ sekwencje wolne od selekcji, odcinki migdzygenowe dluzsze niz 90
nukleotyddv przettumaczono na sekwencje aminokwasowe we wszystkich szesciu
mozliwych fazach (ramkach) odczytu. Kodony stop: amber i ochre zamieniono na
tyrozyng, a opal — na tryptofan, gdyz tylko jedna substytucja w trzeciej pozycji tych
kodonow wystarczy do powstanstopu. Nastgpnie przeszukano biatkowa baz¢ danych
B. burgdorferiprogramem FASTA (BARSON LIPMAN 1988). Poniewaz pseudogeny w
przestrzeni migdzygenowej kumuluja wszystkie mutacje, zastosowano liberalne kryteria
homologii, czyli warto§¢ E < 0,05. Znaleziono okoto 30 homologéw do sekwencji
migdzygenowych odczytanych z nici  wiodacej. Sekwencje nukleotydowe
homologicznych ORFéw 1 sekwencji migdzygenowych dopasowano przy pomocy
programu CLUSTAL X (BANMOUGIN et al. 1988). Suma dtugosci pasujacych
sekwencji mkleotydowych wyniosta 3737 nukleotydow. Aby okresli¢ kierunek przej$c
mutacyjnych przyjeto, ze wszystkie obserwowane réznice wynikaja z substytucji
zakumulowanych w sekwencjach migdzygenowych. To zatozenie nie jest calkiem
prawdziwe, ale jest niezbedne do konstrukcji tablicy, i bylo wykorzystywane z
powodzeniem przez innych autoréw (&t al. 1984, ¥NG 1994). Tablice substytucji
skonstruowano wedlug metody GOJOBORiego i wspolpr. (1982) oraz FRANCINO i
OcHMANa (2000) (Tabela 2, str. 51). Poniewaz czgstoSci substytucji sg inne dla kazdego
nukleotydu, wprowadzono poprawki na wielokrotne substytucje i rewersje dla kazdego
nukleotydu oddzielnie zamiast jednej ogdlnej poprawkiury (1980). Jest to tablica
empiryczna, w przeciwienstwie do tablic (modeli) parametrycznych, czg¢sto
wykorzystywanych w badaniach filogenetycznych (przegladu najnowszej literatury na
temat modeli empirycznych i parametrycznych dokonad iLGOLDMAN 1998, oraz

WHELAN 1 wspotpr. 2001).

Testowanie tablicy

Uzyskana tablica przej$¢ byla nastgpnie testowana za pomoca symulacji
komputerowych. Pozwolilo to na zbadanie, jak zmienia si¢ sktad nukleotydowy
sekwencji pod wptywem presji mutacyjnej opisanej przez tablice, a takze na zmierzenie
ilosci 1 rodzajow substytucji, ktore zaszty w sekwencji 1 ktore zostaly zakumulowane.
Mozna w ten sposob zaobserwowac histori¢ sekwencji. W czasie symulacji nukleotyd

byt wybierany do mutacji losowo, z prawdopodobienstwem pmy, @ nastepnie ulegat



substytucji zgodnie z prawdopodobienstwami przejs¢ zawartymi w tablicy. Dzigki temu

nie kazdy nukleotyd wybrany do mutowania rzeczywiscie ulegat podstawieniu. Takiej
analizie poddano cztery sekwencje: pierwsze, drugie i trzecie pozycje w kodonach
ORFow z nici wiodacej, oraz sekwencjg o takiej samej dlugosci, ale o rownowagowym
sktadzie, [A]=[T]=[G]=[C]. Rys. 18 pokazuje zmiany sktadu nukleotydowego w trakcie
symulacji. Sekwencja pierwszych i drugich pozycji oraz sekwencja rOwnowagowa
stopniowo przybieraja sklad trzecich pozycji w kodonach, natomiast te pozostaja bez

zmian. Wynika z tego, ze trzecie pozycje w kodonach znajduja si¢ w stanie rownowagi

z presja mutacyjna, a wptyw selekcji nie jest widoczny.

Aby obliczy¢ ilo$¢ substytucji, ktore zaszty w trakcie symulacji, badana sekwencj¢
porownywano z sekwencja z poprzedniego kroku Monte Carlo (Rys. 19). Rodzaj i
liczba podstawien zalezy nie tylko od presji mutacyjnej opisanej tablica, ale takze od
sktadu nukleotydowego analizowanej sekwencji. Innym badanym parametrem byto
tempo akumulowania substytucji. Obliczano je przedwnanie sekwencji po kazdym
kroku symulacji z sekwencja wyjsciowa (Rys. 20). Poczatkowo roznice migdzy tymi
sekwencjami narastaja bardzo szybko, poniewaz przy braku selekcji kazda substytucja
zostaje zachowana w sekwencji. Z uplywem czasu sekwencje coraz bardziej
upodobniaja si¢ do siebie pod wzgledem sktadu nukleotydowego, a wiele substytucji
zachodzi w tych samych miejscach i1 zdarzaja si¢ réwniez rewersje, natomiast liczba
pozycji w ktorych sekwencja po symulacji r6zni si¢ od sekwencji wyjsciowej utrzymuje
si¢ na statym poziomie. Ten poziom jest inny dla kazdego rodzaju substytucji i zalezy
rowniez od sktadu sekwencji wyjsciowe;.

W badaniach filogenetycznych porownuje si¢ sekwencje ,,po mutacjach”, nie ma
mozliwoséci poznania sekwencji wyjSciowych. Dlatego istnieje potrzeba wprowadzenia
poprawki na wielokrotne substytucje i1 rewersje, aby obliczy¢ rzeczywista liczbe
substytucji, ktore zaszty od czasu ewolucyjnego rozejscia si¢ sekwencji. Taka probe
stanowi poprawka Kimury (KIURA 1980, 1983). Jak widaé¢ na Rys. 21, zastosowanie
tej poprawki daje satysfakcjonujace wyniki tylko dla niewielkich odlegtosci
filogenetycznych, natomiast dla wigkszych odlegtosci liczba substytucji jest
niedoszacowana. Znajomos$¢ tablicy przejs¢ mutacyjnych umozliwia wprowadzenie
precyyjnych poprawek dla kazdego rodzaju substytucji (KOWALCZUK 1 wspdtpr.
2001b).
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Wiasciwosci tablicy substytucji

Tablica uzyskana w niniejszej pracy jest pierwsza, ktora tworzy DNA w stanie
rownowagi o sktadzie nukleotydowym obserwowanym w naturze. W przeciwienstwie
do modeli parametrycznych, tablica ta zachowuje zaréwno sktad nukleotydowy DNA
jak 1 asymetri¢ sekwencji bedacych w stanie rownowagi z presja mutacyjna, tutaj —
trzecich pozycji w kodonach ORFow z nici wiodace;.

Tempo podstawiania nukleotydow sekwencji mozna poréwna¢ do procesu
rozpadu pierwiastkéw radioaktywnych. Zanikanie nukleotydéw w sekwencji i
pojawianie si¢ nowych pokazane jest na Rys. 22. Mozna obliczy¢ ,,pétokres rozpadu”
dla kazdego nukleotydu, czyli czas podstawienia potowy nukleotyddw danego rodzaju
w sekwencji. Okazuje sig, ze dla rzeczywistej tablicy substytucji uzyskanej dla
sekwencji w stanie rOwnowagi z presja mutacyjna ten potokres substytucji jest liniowo
skorelowany z frakcja danego nukleotydu w sekwencji (Rys. 23a). Im mniej jest danego
nukleotydu, tym szybciej ulega on podstawieniu. Wspotczynnik korelacji jest rzedu
0,999. Takiej korelacji nie zaobserwowano dla tablicy przejs¢ wygenerowanej przez
komputer (Rys. 23b), mimo ze utrzymuje ona asymetryczny sktad DNA (KOWALCZUK i
wspotpr. 1999b). Analiza tablic opublikowanych przez innych autoré6w ujawnita, ze
korelacji nie wykazuja tablice dla sekwencji bedacych pod wptywem selekcji, natomiast
tablice dla sekwencji wolnych od selekcji wykazuja wysokie wspotczynniki korelacji
(Tabela 3). Tablica znaleziona dla trzecich pozycji w czterokrotnie zdegenerowanych
kodonach mitochondrialnego DNRrosophila melanogastefTAMURA 1992) stosuje
si¢ do tego prawa bardziej doktadnie niz tablica dla wszystkich trzecich pozycji w
kodonach w tym genomie (takie same wyniki uzyskano dla tablic dla mtDNA
naczelnych opublikowanych przezbACHI i HASEGAWA, 1996). Takich rdznic
nalezatoby oczekiwaé, gdyby niektdre substytucje w trzecich pozycjach, prowadzace do
podstawien aminokwasowych, nie byly neutralne. Mozna takze zauwazy¢, ze tablice
uzyskane na podstawie analizy podstawien w roznych pseudogenach tego samego
organizmu lub organizméw bardzo blisko spokrewnionych, daja ré6zny sktad DNA w
stanie rOwnowagi, co potwierdza tezg, ze presja mutacyjna rézni si¢ w roéznych
regionach genomow eukariotycznych IL@sk1 1988, WOLFE et al. 1989, MTASSI et
al. 1999).

Precyzyjne, niemal deterministyczne relacje migdzy frakcja danego nukleotydu a
tempem jego podstawiania umozliwiaja oceng, czy badana tablica zostata uzyskana dla

sekwencji wolnych od selekcji. Umozliwiaja takze obliczenie odlegto$ci migedzy badana
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sekwencja a sekwencja w stanie rownowagi z presja mutacyjna. Ta odlegtos$¢ jest miara
presji selekcyjnej, ktora utrzymuje sekwencje w stanie odchylonym od réwnowagi.
Dzigki temu mozna na przyktad okresli¢ presj¢ na kazda pozycje w kodonach sekwencji

kodujacych bialka.

Podsumowanie i wnioski

» W genomieBorrelia burgdorferipotozenie genu na nici wiodacej lub opdzniajace;j
wpltywa na jego sktad nukleotydowy, co odbija si¢ na sktadzie kodonowym 1

sktadzie aminokwasowym kodowanego biatka.

» Na podstawie asymetrii pierwszych i trzecich pozycji w kodonach, ORFy mozna

podzieli¢ na dwie nie nachodzace na siebie grupy, lezace na roznych niciach DNA.

» Przez poréwnanie sekwencjiigdzygenowych pochodzacych od genow z ich
macierzystymi genami, obliczono czgstosci wszystkich rodzajow substytucji (BbTs)

dla sekwencji wolnych od selekcji, pochodzacych z nici wiodacych.
» Empiryczna tablica substytucji (BbTs) podlega prawu liniowej kojefgomigdzy
czasem substytucji potowy nukleotydéw danego typu a ich frakcja w sekwencji.

» Opierajac si¢ na tym prawie mozna obliczy¢ precyzyjne poprawki na wielokrotne

substytucje i rewersje w badaniach filogenetycznych.

» Metody analizy opisane w niniejszpfacy umozliwiaja oszacowanie relatywnego

udzialu presji mutacyjnej i1 selekcyjnej w obserwowanej asymetrii.

» Chromosom znajduje si¢ w stanie rdwnowagi dynamicznej z presja mutacyjna
zwiazang z replikacja i z presja selekcyjna dziatajaca na kodowana przez niego
informacjg.

» Trzecie pozycje w kodonach ORFow sa w stanie rownowagi z presja mutacyjna

zwiazang z replikacja, bez widocznego wptywu presji selekcyjnej w czterokrotnie

zdegenerowanych kodonach.
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Abstract

Asymmetry in nucleotide composition of DNA is defined as a deviation from
[A]=[T] and [G]=[C] parities within one DNA strand. ThBorrelia burgdorferiB31
chromosome is the most asymmetric of all bacterial chromosomes sequenced to date.
The asymmetry was analysed in the whole chromosome, and in coding and intergenic
sequences separately. Using DNA walks allowed the author to visualise and to measure
the asymmetry and also to separate the effects of different mutational and selection
pressures that generate it. The mechanisms generating asymmetry include unequal
mutation rates connected with replication and transcription, selection forces positioning
genes and signal sequences nonrandomly in the genome, and protein coding constraints
on coding sequences. Intergenic sequences as well as each position in the codon in
protein coding sequences show the influence of replication-associated mutational
pressure. Third codon positions in Beburgdorferichromosome were found to be at
equilibrium with the mutational pressure, free from selection pressure.

To find which types of substitutions are responsible for the asymmetry observed in
the chromosome, intergenic sequences that had originated from duplicated genes were
compared to the original genes. Based on that comparison, the frequencies of each of
the twelve possible substitutions were calculated for the leading strand. The obtained
empirical table of substitutions was tested analytically and by computer simulations.
Every DNA sequence under the influence of the mutational pressure described by the
table mutated towards the nucleotide composition of the third positions in codons of
ORFs from the leading strand. The table of substitutions represents pure mutational
pressure. In the absence of selection, the time when a half of nucleotides of a given type
are substituted by other nucleotides is linearly correlated with the fraction of the
analysed nucleotide in the sequence. The higher substitution turnover of a nucleotide,
the lower the fraction of this nucleotide in the DNA sequence. The correlation
coefficient is of the order of 0.999. The same correlation was found for substitution
matrices obtained by other authors for sequences from different genomes, which were
free from selection pressure. The correlation was absent from computer-generated
matrices, even though they kept the specific nucleotide composition of the third codon
positions, and from tables of substitution rates found for sequences under strong
selection. The precise, almost deterministic relations between the nucleotide fractions
and their turnover rates enable estimating if a matrix of substitutions is influenced by
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selection or not. Also, it enables counting the distance between the given sequence and
the sequence in equilibrium with the mutational pressure. This distance is supposed to
be a measure of selection pressure, which keeps the sequence at the steady state, far

from equilibrium.
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Scheme of the B. burgdorferi chromosome

Origin of
replication
_ _
Direction of the movement
Leading strand ORF of replication forks
Lagging strand ORF
d ﬁ

Abbreviations and definitions

W strand = Watson strand (usually the one located in data bases)

C strand = Crick strand (complementary to W strand)

Lagging DNA strand = synthesised from Okazaki fragments, in the opposite direction
to the replication forks movement

Leading DNA strand = synthesised continuously, in the same direction as the
replication forks movement

ORF = Open Reading Frame, a DNA sequence which begins with a start codon and
ends with a stop codon, a potential protein coding sequence

An OREF is located on thdéeading strand when its sense strand is the leading strand,
lagging strand ORFs respectively.

Sense strand= noncoding strand = non-template strand = nontranscribed strand of gene

Antisense strand= coding strand = template strand = transcribed strand of gene

CDS = (protein) coding sequence

Non-CDS = noncoding sequence

AT skew = (A-T)/(A+T)

GC skew= (G-C)/(G+C)

CAIl = Codon Adaptation Index describing codon usage for optimal translation rate

MCS = Monte Carlo Steps (in computer simulations)

PR2 = Parity Rules Type 2, i.e. [A]=[T] and [G]=[C] are true for a single DNA strand

Mutational pressure =the rates of the twelve kinds of nucleotide substitutions

Selection pressure the probability of elimination of a substitution
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DNA in equilibrium = the sequence is free from selection pressure and the general
composition of the evolving DNA sequence corresponds to the substitution
frequencies (mutational pressure)

DNA in steady state= the sequence is in equilibrium with the selection pressure, far
from the equilibrium with the mutational pressure

N =any base in DNA (A, T, Gor C)

P =a purine (A or G)

Y = a pyrimidine (T or C)

BbTs =Borrelia burgdorferitable of substitutions

Amber, Ochre, Opal = stop translation codons
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The table of the genetic code

T C A G
TTT Phe TCT Ser TAT Tyr TGT Cys
TTC Phe TCC Ser TAC Tyr TGC Cys
T | TTA Leu TCA Ser TAA Ochre TGA Opal
TTG Leu TCG Ser TAG Amber | TG Trp
CTT Leu CCT Pro CAT His CGT Arg
CTC Leu CCC Pro CAC His CGC Arg
C | CTA Leu CCA Pro CAA GlIn CGA Arg
CTG Leu CCG Pro CAG GIn CGG Arg
ATT lle ACT Thr AAT Asn AGT Ser
ATC lle ACC Thr AAC Asn AGC Ser
Al ATA lle ACA Thr AAA Lys AGA Arg
ATG Met ACG Thr AAG Lys AGG Arg
GTT Val GCT Ala GAT Asp GGT Gly
GTC Val GCC Ala GAC Asp GGC Gly
GTA Val GCA Ala GAA Glu GGA Gly
GTG Val GCG Ala GAG Glu GGG Gly

Two-fold degenerated codons= the codons where a transition does not change the
sense of the encoded amino acid, but a transversion does. In the above table they
are located in the white boes.

Four-fold degenerated codons= the codons where neither a transition nor a
transversion change the sense of the encoded amino acid. They are located in the

ellow boxes.

There are only twp grey semi-bokes where a transition changes the sense of the codon.
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1. Introduction

1.1. Definition of DNA asymmetry

The specific structure of the double-stranded DNA molecule implies many of its
genetic and chemical features. One of the most important features is the
complementarity of the two DNA strands, where the number of adenines is exactly the
same as the number of thymines, while the number of guanines is exactly the same as
the number of cytosines. These are the Chargaff's rulesr(€rFF 1950) which helped
WATsoN and Qick (1953) to describe the structure of the double helix and to find out
that the Chargaff's rules are deterministic. If we assume that there are no mutational or
selection pressures which influence the composition of the two DNA strands, the rules:
[A]=[T] and [G]=[C] should be in force not only for double-stranded DNA but also for
each of the two strands. These rules for a single DNA strand are stochastic instead of
deterministic, and are called parity rules type 2, in short PRERY. 1995). Deviation
from PR2 means that the two DNA strands are under different mutational or selection

pressures or both, which leads to asymmetric substitution patterns and DNA asymmetry.

1.2. Finding DNA asymmetry

PR2 are valid for random DNA molecules as well as for whole chromosomes. Let
us count the number of each of the four types of nucleotides in the Watson strand of the
Borrelia burgdorferi chromosome and construct a single-stranded “leading” and
“lagging” DNA sequences by drawing the nucleotides randomly from the pool in which
the frequency of each nucleotide is the same as iBthrirgdorferichromosome. In
Tab. 1 the composition of such a random DNA sequence (an example of one computer
simulation) is shown. There are no significant differences in the nucleotide composition
of these two sequences. It is not the case when one looks at the halves of the real
Watson strand replicated as leading or lagging (see Table 1). The Chargaff's parity rules
are valid but the PR2 are not: the differences between the numbers of complementary

nucleotides in each strand are significant.
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Number of bases in strand Strand
A T G C length

Strand type

Random leading

160,481 162,812 64,209 64,946 452,448
Watson strand

Random lagging

162,216 165,081 65,453 65,526 458,276
Watson strand

Real leading

145,921 178,068 75,741 52,718 452,448
Watson strand

Real lagging

177,186 149,128 53,911 78,051 458,276
Watson strand

Table 1. Numbers of nucleotides in the leading and lagging part of the Watson strand of the
Borrelia burgdorferi chromosome. The random strand was obtained by drawing nucleotides

randomly from a pool of all nucleotides from the Watson strand.

Deviations from PR2 and differences in composition between the leading and the
lagging strands were observed in many eubacterial genonmeRYL1996a, 1996b,
BLATTNER et al. 1997, KINST et al. 1997, lRASER et al. 1997, 1998, RDERSONet al.

1998, REEMAN et al. 1998, MAZEK, KARLIN 1998, RIGORIEV 1998, MCLEAN et al.

1998, ALZBERG et al. 1998, MckIEwICz et al. 1999a, 1999b,ITIER, COLLINS 2000a,
KowaALczuk et al. 2001a) and are still detected in newly sequenced genomes. The
asymmetry was also detected in many virusesN(s et al. 1983, EIpski 1990,
MRAZEK, KARLIN 1998, RIGORIEV 1999). Generally it was found that the leading
strand is rich in guanine and thymine, and the lagging strand, in cytosine and adenine.

The asymmetry is observed even at the level of codons and amino &RasE(R
et al.1996, MCINERNEY 1998, LaFay et al. 1999, McKIEwICZ et al 1999b, ROCHA et
al. 1999a, RMERO et al. 2000). This kind of asymmetry generally does not exist in
archaeal genomes (@Mzek, KARLIN 1998, QRIGORIEV 1998, MCLEAN et al 1998) and
was found only in some of them ASBERG et al. 1998, brez et al. 1999, 2000).
Analyses of eukaryotic genomes do not show the asymmetry on a large srakEKM
KARLIN 1998, RIGORIEV 1998, GeRLK et al. 2000), although some specific
asymmetry in subtelomeric regions of yeast chromosomes was obsemed @t al.

2000, see alsoRGORIEV 1998).

The asymmetry is so strong that it can come to assistance in experimental searches
for the origin and terminus of replication (e.gNn@t al. 1999, RARDEAU et al. 1999,
2000, 2wILAK et al. 2001).
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1.3. Mechanisms generating asymmetry

A substitution in one DNA strand is reflected by a change in the complementary
strand. However, to understand the origin and meaning of asymmetry, it is important to
find where, and how the primary changes occur which lead to different substitutions in
different regions of the chromosome.

Mechanisms that could introduce asymmetry into DNA strands have been discussed
many times (see for review:RENCINO, OCHMAN 1997, MRAZEK, KARLIN 1998,

FRANK, LOBRY 1999, KaRLIN 1999, TiLLIER, COLLINS 2000a, KOwALczuk et al.
2001a). Nucleotide composition of a sequence is shaped by two different and sometimes
opposite forces: mutational and selection pressures. Generally, they include mutational
pressures on DNA during replication and transcription, selection forces positioning
genes and signal sequences nonrandomly in the chromosome, and protein coding

constraints on coding sequences.

1.3.1. Replication-associated mutational pressure

An important structural feature of the DNA molecule is that the two strands are
antiparallel. Together with the properties of replication mechanisms, it has very
significant genetic implications. DNA strands can be synthesised only in one direction:
from the 5' to 3' end. Because the strands are antiparallel and replication forks move
along the maternal double strand molecule, the two new strands have to be synthesised
by different mechanisms and different replication-associated mutational pressures may
influence their nucleotide composition. After many generations, parity rules type 2
should not be in force in such DNA molecules (see Table 1, the composition of the
replichores of th&. burgdorferichromosome).

Synthesis of one strand, called the leading strand, is continuous, while synthesis of
the other strand, called the lagging strand, has short intermediates named Okazaki
fragments (®AzAkl et al. 1968). Differences between the synthesis of the strands have
been reviewed byHANK and LOBRY (1999). InEscherichia coliboth DNA strands are
synthesised by symmetric core enzymes (Pol Il holoenzymesB WICKNER 1992,
MARIANS 1992, YuzHAKOv et al. 1996), and therefore base incorporation and
proofreading should be the same for both strands. However, the enzyme complexes

differ in processivity (tendency to remain on a single templateriMis 1992). The
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leading strand complex needs to be more processive to remain on the template, while
the lagging strand complex needs to dissociate more often, which facilitates excision of
a mismatch by some cellular exonucleaseA(ROWSKA, SCHAAPER 1996). Thus, the
lagging strand synthesis should be more faithful. Also, the strands may differ in
stepwise progression speed and mismatch repair mechanigmsAfR 1998). The
lagging strand polymerase should synthesise DNA faster to compensate for the time of
its recycling, so more errors may be committed in the process, but on the other hand the
discontinuous replication provides nicks in DNA, which are required by mismatch
repair, so the lagging strand repair could be more efficient. Experimental analyses of the
relative fidelity of the leading and lagging strand replication have given contradictory
results (e.g. comparevhki et al. 1996 and IFALKOWSKA et al. 1998). Generally, in
experiments lagging strands seem more prone to mutations gengl, BNDEN 1991,
BAsic-ZaNINovIC et al. 1992, ¥AUTE, FUCHS 1993; FOBERTS et al. 1994, HoMAS et
al. 1996). However, these results should be carefully considered, because the
experiments were performed in specific conditions, e.g. the strains used in the studies
were deficient in proofreading or mismatch repair.

A theory (named the cytosine deamination theory) that explains the influence of
replication-associated mutational pressure on asymmetry was presenteanNsyand
LoBRY (1999). During replication, stretches of the leading strand that are the template
for the newly synthesised lagging strand are temporarily single-stranded. In this state
the template is more exposed to damage and mutations (similarly to the sense strand
during transcription). The most frequent mutation is deamination of cytosine and its
homologue 5-methylcytosine to uraci{&cHoLs, GOODMAN 1991, LUNDAHL 1993,
KREUTZER ESSIGMANN 1998). Uracile may be converted to thymine, which leads in
consequence to-GT transition. It was found that cytosine deaminates 140 times faster
in single-stranded DNA than in double-strandeRgffERICOet al. 1990). This transition
explains the excess of guanine and thymine in the leading strand, and adenine and
cytosine in the lagging strand. The increase in the number of thymines is associated
with a decrease in the number of cytosines. When the number of cytosines decreases,
the percentage of guanines increases in the leading strand. Thus, in the leading strand
the prevalence of thymine and guanine is observed. In the lagging strand,
complementary to the leading one, prevalence of adenine and cytosine is observed. A
similar result is given by a less common—& transition which results from

deamination of adenine to hypoxantinen(baHL 1993). Hypoxantine binds preferably
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with cytosine, which leads to the increase of guanine in the leading strand. The decrease
in the number of adenines results in the increase in the percentage of thymine, and in the
opposite changes in the complementary, lagging strand — increase of adenine and
cytosine. The deamination theory gives an especially convincing explanation of
asymmetry in mitochondrial ANAKA, OzAWA 1994, REYES et al. 1998) and viral
genomes (®IGORIEV 1998, 1999).

1.3.2. Transcription-associated mutational pressure

The genetic information stored in DNA can also be read only in one direction: from
the 5' to 3' end. However, there are six possible reading frames and the transcribed
strand of a gene may be located in the same or opposite direction to the replication fork
movement (on the leading or lagging strand). Because genes are not distributed
uniformly in the chromosome, and coding and non-coding strands are treated differently
by transcription, PR2 may be violated.

A potential cause of asymmetry may also be deamination of methylated cytosines
which leads to thymines. Some authors have claimed that this type of substitution
differentiates sense and antisense strands of coding sequences, and that transcription
mechanisms introduce the asymmetry into DNA strandsaNEINO et al. 1996,
FRANCINO, OCHMAN 1997, RREEMAN et al. 1998). During transcription a part of the
nontranscribed DNA strand is exposed and more prone to deaminatoeT$BIl,
BHAGWAT 1996), while the other strand is protected by the enzymatic transcription
complex and by transcription-coupled repair that preferentially repairs pyrimidine
dimers (MELLON, HANAWALT 1989, FANAWALT 1991). Some experiments have proved
that the frequency of mutations introduced into the non-transcribed DNA strand is
higher than into the transcribed on®4AKRCINO et al. 1996).

1.3.3. Unequal distribution of genes and oligomers on chromosome

Transcription-associated mutational pressure alone does not distinguish between the
leading and lagging strand. However, if highly transcribed genes are preferably located
on one strand, the bias between strands should be generated in coding sequences and in

the intergenic regions that are partly transcribed.
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There are preferences for transcribing DNA strands in the direction of replication,
rather than in the inverse direction, possibly to avoid collisions between replication and
transcription complexes @&WER 1988). InMycoplasma genitaliumM. pneumoniae
andBacillus subtilisover 75% of genes are located on the leading strardsgR et al.

1995, HVMELREICH et al. 1996, KINST et al. 1997). Hence, transcription-associated
mutational pressure may contribute to the leading/lagging strand asymmetry. However,
in theE. colichromosome the bias is relatively low and only 54% of coding sequences
are located on the leading strand ABT'NER et al. 1997), so it cannot account for the
asymmetry observed in that chromosome.

It has also been found that in prokaryotic chromosomes usually the majority of
highly expressed genes are located on the leading strand. Those genes use a small subset
of specific codons (Guy, GAUTIER 1982,SHARP, LI 1987), which may contribute to
the asymmetry observed.ILTIER and ®@LLINS (2000a) tried to estimate the
contribution of transcription to asymmetry by analysing Codon Adaptation Index (CAI)
values of genes. They found that genes with the highest and lowest CAI did not account
for the correlation of base composition skew with replication orientation, and these
skews were not completely explained by the selection for highly expressed genes on the
leading strand. However, these analyses assumed that CAIl value (which actually
measures translation level/intensity) corresponded to transcription level/intensity, which
may not be true. Only experimental research can provide evidence that genes on the
leading strand are more intensively transcribed than genes on the lagging strand.

Leading- and lagging-strand-specific codon usage has been obserBedeha
burgdorferi, Treponema pallidumand Chlamydia trachomatisS(MCINERNEY 1998;

LAFAY et al. 1999, RCHA et al. 1999a, BMERO et al. 2000). However, because the
presumably highly expressed genes in those genomes do not differ in codon usage from
other genes located on the same strand, some authors conclude that the two different
patterns are the result of replication-associated mutational pressure and not selection,
and codon usage is strand-specific and not correlated with the level of expression
(MCINERNEY 1998; LAFAY et al. 1999).

Oligomers that are over-represented on one of the strands could contribute to DNA
asymmetry. For example, Chi sequence 5 GCTGGTGG 3’, which is a recombinational
hot spot, is located preferentially on the leading strand ofEtheoli chromosome
(BLATTNER et al. 1997). 8.ZzBERG et al. (1998) observed skewed distribution of some

oligomers on leading and lagging strandsBlnburgdorferj T. pallidum E. coli, B.
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subtilis and other genomes 7-, 8-, and 9-mers are statistically significantly skewed and
are helpful in finding the origin and terminus of replication. The nucleotide composition
of these oligomers is correlated with the most abundant codons in those genomes,
although they do not occur preferentially within coding regions. Their asymmetry is
much stronger than the inequality in the distribution of coding sequences. Their function
is unknown but they are expected to play a role as biological signals in replication and
transcription (RCHA et al. 1998), so their distribution should be subject to selection.
However, Chi-sites make up only 0.25 % of thecoli chromosome and are not likely

to be an important source for global base composition asymmetaNKF LOBRY

1999), which is further supported by analyses of several genomesLigrTand
CoLLINS (2000a). Removal of all skewed octamer sequences fronk.theoli and
Haemophilus influenzaehromosomes gave reduced asymmetry but did not eliminate it.

Apparently skewed oligomers are not the main source of asymmetry.

1.3.4. Protein coding constraints on coding sequences

Coding for proteins requires a specific nucleotide composition. It has been long
known that coding strands of genes are rich in purines (BEpH&ERD 1981,SMITHIES
et al.1981,KARLIN, BURGE1995, RANCINO et al. 1996, EBRAT et al.1997a, REEMAN
et al. 1998). DNA sequences which code for proteins have a triplet structure. Each
position in the codon has specific preferences in nucleotide compositiongWwW
CEDERGREN 1986, AANG, ZHANG 1991, QUTIERREZ et al. 1996, MRAZEK, KARLIN
1998, EBRAT et al. 1997b, 1998, BLEAN et al. 1998, WNG 1998), which suggests
that it plays a unique role and remains under a specific selection pressure. Generally, the
first codon positions of protein coding sequences are rich in adenine and guanine and
the second are rich in adenine and cytosine. The asymmetry between coding and non-
coding strands of genes is so strong that it can be used to successfully discriminate
between coding and non-coding sequencesk&T et al. 1997a, 1997k998).

There are many mechanisms that contribute to the specific composition of genes.
The common presence of purines in the sense strand is favoured by evolution because
they are less prone to mutations than pyrimidines (especially dimeustHison
1996). During transcription the sense strand is more exposed than the antisense strand

which is preferably repaired by removal of pyrimidine dimerEuMN, HANAWALT
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1989, FANAWALT 1991). Therefore selection should increase the purine content of the
coding strand (REEMAN et al.1998, RANK, LOBRY 1999).

Furthermore, the base composition of the first and second positions in codons
reflects the high usage of acidic amino acids coded by GAN (asparagine and
glutamine), (KARLIN, MRAZEK 1996) and GNN (glycine, alanine and valinepgKIN et
al. 1992). The second codon position determines the polarity of the encoded amino acid
and its change may have a detrimental effect on the protein.

Periodical codon composition pattern (GGUWlays a role in mRNA-rRNA
interaction during translation in the ribosom&ifbNov 1987, 1992, AGUNEZ-OTERO,
TRIFONOV 1992). Guanines in the first codon positions interact with periodically
distributed cytosines in rRNA and ensure the correct reading frame during translation.

Third codon positions are degenerated and most substitutions in them are silent.
These substitutions are not necessarily neutral. They may change the rate of translation
of the product @EMURA 1981, BENNETZEN, HALL 1982, $iArRP, COwE 1991).
However, selection on third positions in codons is the weakest and the effect of
mutational pressure should be observed in them.

If coding sequences are in the same number on both leading and lagging strands,
their compositional bias should be cancelled out. Otherwise, if they are not randomly
distributed on chromosome, they can contribute to the global asymmetry (asymmetry of

the whole chromosome).

1.3.5. Relative contribution of different factors to DNA asymmetry

Although there are many different and sometimes contradictory hypotheses and
opinions about the influence of asymmetry, it is possible to draw some conclusions. The
impact of uneven gene distribution on global asymmetry is different in various
genomes. iLLIER, COLLINS (2000a) have assessed the relative contribution of gene
orientation in many genomes to base composition asymmetry. In some genomes the
influence of gene bias is opposite to that resulting from mutational presstiteAMet
al. 1998, TLLIER, CoLLINS 2000a). Highly expressed genes and signal sequences
contribute to the bias only to a very small extent. The replication-associated mutational
pressure is the most significant factor of the observed asymmetry. Some authors
(CeBRAT et al. 1999, MckIEwICz et al. 1999a, 1999b, 1999aLdER, CoLLINS 2000a)
have filtered by different methods the influence of replication from other mechanisms.
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Although the degree of influence of transcription-associated mutational pressure still
remains open, it seems that it is weaker than the influence of replicatkank(F
LoBRY 1999). The time of single-stranded state is shorter for the coding strand than for
the lagging strand template. Deaminations in the sense strand cause only premutagenic
lesions that have to wait for the next round of replication to become fixed and during
this time can be repaired. The uracile resulting from deaminations of cytosine occurring
in the lagging strand template is almost immediately paired with an incoming adenine in
the synthesis of the lagging strand.

Furthermore, the influence of transcription on asymmetry may be consistent with
the influence of replication-associated mutational pressure, because deamination of
cytosine occurs both in the lagging strand template during replication, and during

transcription in the coding strands, which are preferably located on the leading strand.

1.4. Rate of evolution of genes located on leading and

lagging strands

1.4.1. Comparisons of orthologs from closely related genomes

Replication-associated mutational pressure is strong enough to influence gene
evolution and rearrangements. A way to observe the influence of replication direction
on gene evolution is to compare pairs of orthologs from closely related genaemes. L
et al. (1999) compared codon and amino acid usage between leading and lagging strand
genes ofB. burgdorferiand T. pallidum Despite species-specific G+C content and
chromosome structure and organisation, they found similar G-T versus A-C biases
between the leading and lagging strands in these two species. The biases were found at
the level of nucleotides, codons, and amino acids. The orthologs that have switched
strands have adapted their codon and amino acid usage to their new strand and have the
same codon usage as the genes of the new strand.

TILLIER and LLINS (2000c), who compared orthologs fror@hlamydia
trachomatisandChlamydia pneumonia&lso observed that the genes that switched the
strand have acquired the skew of their current strand. Comparison of amino acid

similarity and identity between the orthologs showed that the switched genes were on
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average more diverged that the nonswitched ones. Changing the replication direction
significantly changed the amino acid sequence and affected evolution of these
sequences. Thus the substitutions resulting from mutational pressure are not neutral.

SzczepANIK et al. (2001) have measured differences in the rate of divergence
between genes lying on the leading strand, lagging strand, and genes which changed
their positions on chromosome during evolution. Analyses have been performed on
12,645 orthologs derived from 11 eubacterial genomes showing evident compositional
asymmetry between leading and lagging strands. In almost all cases the distances
between genomes measured by the divergence of orthologs from the lagging strand are
statistically significantly larger than the distances counted on the basis of the leading
strand orthologs. Apparently the orthologs situated on lagging strands diverge quicker
than the orthologs situated on leading strands. This phenomenon can be explained either
by a higher mutation rate on the lagging strand, or by stronger selection on the more
conserved genes located on the leading strandz€®ANIK et al. 2001). For closely
related genomes the rate of divergence between the orthologs located on different
strands is even greater than that of the lagging strand orthologs. The genes which have
switched the strand recently are under a greater mutational pressure and diverge very
quickly. The differences in the rate of divergence are significant enough to affect the
structure of phylogenetic trees constructed on the basis of leading and lagging strand
orthologs (8czepANIK et al. 2001). Different mutational pressures on the two DNA
strands group genes into slower and faster evolving groups. It may play an important
role in adaptation to the quickly changing environment.

1.4.2. Rearrangements in genomes

MAckiEwiCz et al. (2001a) have found a method to determine which of two
orthologs located on different strands has actually been relocated. Two pairs of highly
asymmetric genomes were analysé&tl, trachomatisvs. C. pneumoniae and B.
burgdorferivs. T. pallidum CG and AT skews were measured for each analysed gene
as well as mean values and standard deviations for all leading and lagging strand genes
in each genome. The gene whose GC and AT skews were more distant from the mean
for its current strand was considered switched. The authors have found that genes have
been relatively more often transferred from lagging to leading DNA strands than vice

versa. That may be because the more conserved genes from the leading strand can
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tolerate fewer substitutions which change their amino-acid composition and codon
usage when affected by a higher mutational pressure after inversion. Highly expressed
genes seem to be more sensitive to discrimination control through codon usage (i.e.
IKEMURA 1981, ®uy, GAUTIER 1982, $IARP, LI 1987). Moreover, the possible
collisions between transcription and replication complexes may be more deleterious for
highly expressed genes switched from the leading to lagging stracidgRNEY 1998).

The most specific rearrangements occur around the origin of replicatisnMs,
BORK 2001, ESEN et al. 2000, RAD et al. 2000, TLIER, CoLLINS 2000b). In closely
related genomes, many orthologs coding for the same function remain at the same
distance and orientation to the origin or terminus of replication, but they can be
positioned on either of the two replichores. This property gives a specific picture when
the positions of genes in one genome are plotted against the positions of their homologs
in a closely related genome.LDiER and ®LLINS (2000b) have argued that the
structure of replication forks, which are hot-spots of recombination, is responsible for
that picture. However, the strand and distance from the origin of replication may be as
well conserved by selection @¢kiEwicz et al. 2001b). Firstly, the distance from the
origin of replication determines copy number of a gene in bacteria whose generation
time is shorter than replication period. In those cells the newly replicated origins initiate
the next round of replication before the end of the previous round. Thus, in the cell there
are several copies of genes proximal to the origin. Highly and lowly expressed genes
should be located in optimal distances from the origio,(BANDERSON 1995, 1996).
Secondly, transfer of a gene to the opposite strand increases mutational pressure on that
gene, as mentioned above, and thus should be selected against. Thirdly, there is a trend
to keep both replichores the same size (ISANDERSON 1996), possibly because that

ensures the shortest time of replication of the genome.

1.5. Effects of mutational and selection pressures

The biased substitutions occurring during replication and transcription are the
mutational pressure on the sequence. To see the pure effect of the mutational pressure,
one must find sequences which are free from selection. Sequences are in equilibrium
with the mutational pressure when the general composition of the evolving DNA
sequence corresponds to the substitution frequencies and it does not change any more.

In equilibrium, the number of a given nucleotidebstitutedby other nucleotides is
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balanced by the number of that nucleotslgbstitutingthe other nucleotides. The
following four equations must be fulfilled:

Na—c+tNa—c+tNa7=Ng_4+Nc_s+N1_ 4

Ne—4*+Ne_c*tNe_7=Na_+tNc_+N1_s

Nc—4+NcogtNco=Na-ctNe_c+N1_c

Nt +NTo6+NToc=Na7+Ng_7+Ncor

whereNa_s =Na*p(Na_¢), Na is the number of adenines in the sequep(ié,_.c)
is the probability of substitution of A by G, other symbols — respectively. After a long
enough evolution time, the general composition of the evolving DNA sequence should
not change any more, while the divergence between the original sequence and the
evolved sequence should approximate the value which can be calculated directly from
its nucleotide composition and is described by the equation:

D=1-(Ac*At +To*Tt + Go*Gt + Co*Cy)

where subscript® antt denote the fractions of nucleotides in the original sequence
and the sequence evolved during the timmespectively.

Most sequences in the genome are selected depending on where the mutation
occurred and how it changed the fitness of the organism. Selection pressure positions
genes in optimal regions of the genome and eliminates some mutations while it accepts
others. When a sequence has adapted to the selection pressure, its general nucleotide
composition stops changing, but the sequence is in the steady state, far from
equilibrium. The distance between a given sequence and the sequence in equilibrium

with the mutational pressure is the measure of selection pressure.
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2. Aims of the Study

The present study was designed to investigate the relationship between mutational
and selection pressures and location of Barelia burgdorferi genes on the
chromosome. The objective of this study was to estimate the frequencies of
substitutions which generate the asymmetry observed . thergdorferichromosome
and to separate the effect of mutational pressure from the effect of selection.

The specific aims were to:

* analyse the asymmetry in nucleotide composition of the leading and lagging
DNA strands,

» separate different factors contributing to the asymmetry,

* visualise and measure the asymmetry,

» find sequences which are in equilibrium with the mutational pressure,

» determine frequencies of the twelve kinds of substitutions which generate
the asymmetry,

» study the influence of the asymmetry on gene evolution.
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3. Materials and Methods

3.1. Borrelia burgdorferi  species

Borrelia is a spiral-shaped, gram-negative bacterium with 7 to 11 periplasmic
flagella. It varies from 10 to 30 um in length and 0.2 to 0.5 pm in width (BARBOUR,
HAYES 1986).

Borrelia burgdorferi was first isolated from the hard tidkodes scapularidy
BURGDORFER et al. (1982) and recognized as the agent of Lyme disease. Further
molecular analyses of different isolates have showrBbatlia burgdorferiis in fact a
group of related species, which are now referred t@asélia burgdorferisensu lato”.

This group include8. burgdorferisensu stricto anB. garinii (BARANTON et al. 1992),
B. afzelii(BARANTON et al. 1992, @NICA et al. 1993)B. japonica(KAWABATA et al.
1993), B. andersoni{fMARCONI et al. 1995)B. tanukii and B. turdi (FUKUNAGA et al.
1996),B. valaisiana(WANG et al. 1997)B. lusitaniae(LE FLECHE et al. 1997)andB.
bissettii(PosTIC et al. 1998). Not all of them have been shown directly to cause human
disease; the three major pathogenic specie8 abeirgdorferisensu strictoB. garini,

andB. afzelii(see WANG et al. 1999 for review).

3.2. Borrelia burgdorferi  genome

Only oneBorrelia genome has been sequenced so far, thBboElia burgdorferi
sensu stricto strain B31. The genome contains a linear chromosome of 910,725 base
pairs (bp), (RASER et al. 1997), and 12 linear and 9 circular plasmids of combined
length of 610,694 bp (€3JENSet al. 2000).

In this study only the linear chromosome was analysed. The chromosome contains
853 ORFs (852,486 bp total). 564 ORFs are located on the leading strand (560,553 bp)
and 286 are located on the lagging strand (291,933 bp) Intergenic sequences are
102,009 bp in length. This number does not add up with the total length of ORFs,
because some ORFs overlap. The chromosome is replicated bidirectionally from the
middle, which was suggested by its genetic organizatian @al. 1993) and GC skew
(FRASER et al. 1997), and confirmed experimentally byARDEAU et al. (1999).
Chromosome sequence and information about coding regions d.tbergdorferi
chromosome were obtained from the National Center for Biotechnology Information,

http://www.ncbi.nlm.nih.gov/
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3.3. Analysis of DNA asymmetry

3.3.1. Walks along the chromosome

The idea of a walk is that a virtual walker moves along a DNA sequence and its
movement is depicted on a two dimensional graph. The direction of the movement
depends on the type of nucleotide visited. There are many kinds of walks. For example,
a prevalence of adenine in the sequence can be analysed. The whole chromosome is
divided into fragments (or windows) in which the number of adenines is counted. The
walker goes up if there are more adenines in the fragment than the average for the
chromosome, and down if there are fewer adenines than expected. The value of the
walker jump for a given fragment is calculated from the equation:

J =[N]-(F, x L), where:

J = the value of the walker jump;

N - the number of adenines in the analysed fragment;

F, - the frequency of the occurrence of adenine in the set of all analysed
fragments;

L - length of the analysed fragment (window) in base pairs (bp). The lower limit
of length isL = 1.

The values of the walker jumps are shown on the graph, where X-axis indicates the
location of each fragment on chromosome, and Y-axis shows J, or the relative
cumulative difference between the real number adenines and the expected number if
adenine was uniformly distributed along the analysed sequence. Because the sequence
is divided into hundreds of fragments, the points that represent them on the graph form
a continuous-looking line. If the line goes up, it means that the chromosome region is
rich in adenine, if it goes down it means that adenine is underrepresented in the region.

The following sequences have been analysed:

~ whole Watson strand of the chromosome, divided into fragments of equal
length (153 bp),

~ subsequent intergenic sequences (located outside the ORFs in the database),

~ three sequences: of the first, second, and third positions in codons in all
ORFs spliced,

~ in some walks sequences of ORFs transcribed from leading and lagging

strands are analysed separately (which makes six sequences).
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The above sequences have been analysed with different kinds of walea{(C
DUDEK, 1998, MrckIEwICZ et al. 1999b). Generally, the above equation has been used
with different variables and modifications:

~ walks on nucleotides, [A], [T], [G], and [C]. Here N is the number of the
analysed nucleotide in the fragment, and F is the frequency of the
occurrence of the nucleotide in the set of all analysed fragments,
~ proportion of the number of nucleotides within coding sequences to whole
chromosome (coding density). Here N is the number of nucleotides which in
the analysed fragment of Watson or Crick strand are inside coding
sequences, F is the number of nucleotides in all analysed coding sequences,
and L is the length of the analysed chromosome fragment in bp,
~ codon composition of genes; here N is the number of codons coding for a
given amino acid in the analysed ORF sequence, and F is the frequency of
the analysed group of synonymous codons in the whole set of coding
sequences.
~ walks on differences [A]-[T] and [G]-[C]. The walker jump is:
J=N-N,
where N is the value of the difference [A]-[T] or [G]-[C] in the analysed
fragment, and | is the average value for the whole sequence. Often, this
kind of walk gives a much clearer picture than analysing nucleotides
separately,
~ similarly, proportion of purines [P] to pyrimidines [Y] in the third positions
in codons of coding sequences is analysed. The walks are done separately
for the third positions in two-fold and four-fold degenerated codons. Here N
is [P]-[Y] counted for third positions of two-fold or four-fold degenerated
codons in the analysed sequence, agdd\the mean value of [P]-[Y] in the
set of coding sequences.
To compare walks on sequences of different length, J values were divided by the

length of the whole analysed sequence (normalised).
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3.3.2. Subtraction and Addition of DNA walks

Mechanisms that introduce asymmetry into DNA strands can be divided into two
groups: the ones that treat the two complementary strands oppositely, and the ones that
have the same influence on both strands. The first group of mechanisms are connected
with replication of chromosome, the second group mainly with transcription.
Transformations of DNA walks enable distinguishing between these effeagsACet
al. 1999, Mckiewicz et. al. 1999a,b,c).

The asymmetries introduced by replication-associated mechanisms into the leading
and lagging DNA strands are of reciprocal sign. Thus, subtracting DNA walks done on
complementary strands enhances the picture of replication-associated asymmetry. In the
analysis of coding sequences, J values of ORFs located on the Crick strand were
multiplied by (-1) and cumulated with the J values calculated for ORFs located on the
Watson strand, in the order in which they appeared on chromosome. In the analysis of
noncoding sequences and the whole chromosome, the analysed fragments were read
alternately from the Watson or Crick strand.

When DNA walks on sequences situated on W strand are added to DNA walks
performed on sequences from C strand, the reciprocal values of replication-associated
asymmetry compensate each other and disappear, leaving the effect of asymmetry
introduced by other mechanisms. To add walks, J values of sequences located on C
strand were cumulated with the values J calculated for sequences located on W strand,

accordingly to their location on chromosome.

3.3.3. Spiders

In another version of DNA walk, the walker analyses not [A], [T], [G] or [C]
separately, but all four nucleotides during one walk. The walker goes up if there is a
prevalence of guanine, down for cytosine, right for adenine and left for thymine. Thus,
in this kind of walk the graph does not show the position on chromosome, only trends in
the sequence. The method was used in different variants izgaM NiniO 1985,

GATES 1986, BERTHELSENet al. 1992, bBRY 1996b, and EBRAT et al. 1997b, 1998.

Spider walks are used here to picture protein coding sequences. Each of the three codon
positions in a gene is analysed separately. The whole graph is called a spider and the
three walks are called spider legs. This kind of walk can be done for single ORFs as

well as for the sequence of spliced ORFs from the whole chromosome, here for leading-
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and lagging strand ORFs separately. The genomic walks have been normalised to
compare asymmetry in sequences of different length. If there are no trends in the
analysed sequence, the path of the walker resembles Brownian motion. If a prevalence
of a nucleotide(s) is observed in the sequence, the walk produces a long line in the

graph.

3.3.4. Angle distributions on torus surface

The length of and the angle of the vector between the beginning of and the end of a
spider walk can be used as parameters for further analysis of the sequesroer (&
al. 1997b, €BRAT, DUDEK 1998). The angle of the vector is in fact arcus tangent (A-
T)/(G-C), where A, T, G, and C are the numbers of the respective nucleotides in the
analysed codon position of the analysed ORF. The arcus tangent is calculated to avoid
dividing by zero and to normalize distributions. Values for the first versus second or the
first versus third positions are presented on graphs. Because the values are angles, they
are located on the finite surface of the torus. Each analysed sequence is a single point
with co-ordinates of two values of asymmetry. In this way distributions of asymmetry

of different groups of sequences can be analysed and compared.

3.4. Construction of the table of substitutions

It is impossible to find out which substitutions generate the observed asymmetry
simply by measuring the asymmetry itself. The asymmetric DNA composition can be
realised by an infinite number of combinations of frequencies of the twelve possible
nucleotide substitutions. Furthermore, protein coding sequences are not only under the
mutational pressure typical for their location, but also are subject to selection for
function, which mercilessly eliminates all undesirable substitutions. However, the
intergenic sequences which are remnants of duplications of genes should accumulate all
mutations. Their comparison with the original genes should reveal the influence of
mutational pressure. This approach was adopted bwAKczuk et al. (2001b).
Intergenic sequences longer than 90 nucleotides (arbitrarily accepted value) were
translated into amino acids in the six possible reading frames. The amber and ochre stop
codons were arbitrarily translated for tyrosine and opal for tryptophan, because only one

substitution in third positions of these codons is sufficient to generate a stop. The
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burgdorferi protein database was searched with the FASTA programaRrEen

LiPMAN 1988) for homologs to those “proteins”. Because pseudogenes in intergenic
space supposedly accumulate all mutations, very liberal criteria of homology were
adopted, namely E value < 0.05. About thirty such homologs to intergenic sequences
read from the leading strand were found amBngdpurgdorferiORFs. The nucleotide
sequences of the pairs (3737 residues total) were aligned using CLUSTAL X program
(JEANMOUGIN et al. 1988). All the observed differences between the ORFs and their
homologs were assumed to result from substitutions in the intergenic sequences. In that
way the frequencies of all substitutions were found, and the average number of
substitutions per site was 0.46. A table of mutations for the leading strand was
constructed according tod3oBoRI et al. (1982) and HFANCINO and CHMAN (2000),

(Tab. 2, page 51). Since the observed substitution rates were different for each of the
four nucleotides, corrections for multiple substitutions and reversions were introduced
for each nucleotide separately, instead of one general correction accordimguia K
(1980).
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4. Results

4.1. DNA asymmetry

4.1.1. Whole chromosome sequence

Analysis of the wholeBorrelia burgdorferi chromosome is shown in Fig. 1-3.
Subsequent steps of analysis are shown on the example of a [G]-[C] walk along the
Watson strand. Fig. 1la shows [G]-[C] values for consecutive 153-nucleotide long
fragments of the chromosome. Around the origin of replication (vertical line) a major
change of trend is detected. The lagging strand (the first half of the Watson strand) is
richer in cytosine than guanine and the leading strand is richer in guanine. To clarify the
picture, much larger windows (sequence fragments analysed) can be used (Fig. 1b), and

they may also overlap (Fig. 1c).
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Figure 1. An analysis of [G]-[C] in the Watson strand of the B. burgdorferi chromosome.
The number of [G]-[C] was analysed in fragments of different length, a) 153 bp, b) 15,300 bp, c)
overlapping 300,000 bp fragments, the step size was 10,000 bp. Y-axis indicates location of
fragments on chromosome.
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The observed picture depends on an arbitrarily chosen size of the window.
Cumulative diagrams give a much clearer picture of the change of the trend (Fig. 2a).
Here, the values [G]-[C] from Fig. 1a have been cumulated. Extrema in the plot show
the positions of the origin (minimum) and terminus (maximum) of replication, where
the role of DNA strands changes from the leading to lagging or vice versa. The next
step is to recalculate the walk to finish at y=0, which eliminates the trend of the whole
sequence and makes the leading/lagging trends even clearer (Fig. 2b). The last step of
the analysis is to normalise the values by the length of the walk to be able to compare

the asymmetry between different sequences (Fig. 2c).
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Figure 2. Cumulative diagrams for the Watson strand of the B. burgdorferi chromosome; a)
cumulated values of [G]-[C] for consecutive 153 bp fragments of the chromosome, b) values
from a) are detrended, according to the equation shown in the methods section, so the walk
finishes at y=0, c) detrended values are normalized by the length of the sequence. Y-axis
indicates location of fragments on chromosome.
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Subtraction of walks on sequences read alternately from the Watson and Crick

strands enhances the picture of the leading/lagging asymmetry because it eliminates the

trends which are similar on both strands. In Fig. 3a such [G]-[C] and [A]-[T] walks are

shown. Walks on particular nucleotides (Fig. 3b) reveal contribution of A, T, C and G to

the chromosome asymmetry. It is clear that the lagging strand is rich in A and C, and

the leading strand in G and T. In Fig. 4 a-b addition of walks is shown for comparison.

The values of asymmetry are of one order of magnitude smaller.
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Figure 3. Subtracted DNA walks on the whole B. burgdorferi chromosome; a) walks on
differences [A]-[T] and [G]-[C], b) walks on particular nucleotides. Y-axis indicates location on

chromosome.
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Figure. 4. Added DNA walks on the whole B. burgdorferi chromosome; a) walks on
differences [A]-[T] and [G]-[C], b) walks on particular nucleotides. Y-axis indicates location on

chromosome.
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4.1.2. Coding and intergenic sequences

Cumulative walks on the first and second positions in codons of the W strand ORFs
(Fig. 5a-b) do not show the leading/lagging trends. These trends are masked by
nucleotide preferences specific for protein coding sequences in these codon positions,
which are independent of the leading/lagging location of ORFs. That is why eliminating
the coding trends is necessary in further analysis. In the first positions in codons there is
a prevalence of A over T and of G over C, and in the second positions there is more A
than T and more C than G. The trends observed in the third positions (Fig. 5c) are
different for the leading and lagging halves of W strand, similarly to intergenic

sequences (Fig. 5d).
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Figure 5. Cumulated values of differences [A]-[T] and [G]-[C] for consecutive protein coding
sequences of the Watson strand of the B. burgdorferi chromosome; a) walks on first positions in
codons, b) second positions in codons, c) third positions in codons. d) consecutive intergenic
sequences from W strand. Y-axis indicates location of fragments on chromosome.
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In the next step of analysis of ORFs, each jump of the walker is corrected to finish

the whole walk at y=0 to bring out local trends (see chapter 3.3.1). In this way the

strong coding trends are eliminated. The walks on ORFs from Crick strand have been

subtracted from walks on ORFs from Watson strand, and also normalised by the length

to enable comparing different sequences. Figure 6a-d shows walks on differences [A]-

[T] and [G]-[C] done on each codon position of all ORFs and on intergenic sequences.

Figure 7a-d shows the same kind of walks done for each of the four nucleotides

separately.
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Figure 6. Subtracted DNA walks on the differences [A]-[T] and [G]-[C]; a) walks on the first
positions in codons in all ORFs, b) second positions in codons, c) third positions in codons, d)
intergenic sequences. Y-axis indicates location on chromosome.
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Figure 7. Subtracted DNA walks on the particular nucleotides [A], [T], [G], and [C]; a) walks

on the first positions in codons in all ORFs, b) second positions in codons, c) third positions in
codons, d) intergenic sequences. Y-axis indicates location on chromosome.

Subtraction of walks done on ORFs or sequences read alternately from Watson and

Crick strands further intensifies the leading/lagging trends. Now the distinct asymmetry
differentiating leading and lagging sequences is visible in each codon position.

The walk on intergenic sequences (Fig. 6d) looks similar to the one for the whole

replication and not transcription-related processes.

sequence (Fig. 3a), which also clearly shows that the asymmetry is a result of
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Results of addition are presented on Fig. 8-9. The asymmetry observed here is a
result of effects which have the same influence on both leading and lagging strands, like
transcription and coding functions. That is why addition was not done for intergenic

sequences. In coding sequences this asymmetry is negligible.

a A1-T1 b A2-T2
0,004 - —G1-C1 0,009 - —G2-C2
0 : n 0,006
300000, 60000 000
0,004 - 0,003
0,008 - 0
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0,016 - -0,006 -
c A3-T3 d A1-T1
0,015 - —G3-C3 0,08 - —G1-C1
0,01 - 0,06 -
0,04 -
0,005
0,02 -
0 -
0 . A
0.00 D 300000 000 900000
-0,005 4 0,02
0,01 0,04

Figure 8. Added DNA walks on the differences [A]-[T] and [G]-[C]; a) walks on the first
positions in codons, b) second positions in codons, c) third positions in codons, d) chart a) in
the scale of Fig. 6a, i.e. subtraction of walks on first positions in codons. Y-axis indicates
location on chromosome.
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Figure 9. Added DNA walks on the particular nucleotides [A], [T], [G], and [C]; a) walks on
the first positions in codons, b) second positions in codons, c) third positions in codons, d) chart
a) in the scale of Fig. 7a, i.e. subtraction of walks on first positions in codons. Y-axis indicates
location on chromosome.

4.1.3. Spider analysis of first, second and third positions in codons

Nucleotide preferences specific for protein coding sequences are best to be analysed
with the so-called spiders. Figure 10a-b shows spider walks performed on two genes,
located on leading and lagging strands, respectively, d@ tihergdorferichromosome.

The nucleotide preferences in each position in the codon are very apparent, because
each spider leg goes in a different direction. The walks on first positions are similar for
both strands, and show preference for guanine and adenine. Second positions show
preference for C and A. Third codon positions of ORFs from leading and lagging
strands show opposite trends, because selection pressure on them is the weakest. They
show asymmetry introduced by replication-associated mutational pressure, which is of

opposite sign on leading and lagging strandagdiMEwIicz et al. 1999c).
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Figure 10. Spider walks on three positions in codons of two ORFs from the B. burgdorferi
chromosome, a) a leading strand ORF BB0020, 556 codons long; b) a lagging strand ORF BB
0040, 598 codons long.

A spider done for an intergenic sequence read from the leading strand (Fig. 11a)
shows no triplet structure of the sequence, but only abundance of G and T. Some
intergenic sequences, however, have retained triplet structure and resemblance to
protein coding ORFs (Fig. 11b). Note that all the legs are tilted towards the intergenic
sequences trend. Such intergenic sequences are probably derived from coding sequences
that were duplicated, lost their function, and began to accumulate nucleotide

substitutions typical for their current strand.

a  ——1st "position" b 401 6]
2nd "position" —1st "position”
3rd "position” 27 [6.C] 2nd "position” ]
3rd "position”

[A-T] - - -
20

20
[A-T]

Figure 11. Spider walks on two intergenic sequences read from the leading strand,
a) located between ORFs BB0472 and BB0473, 220 triplets long; b) located between ORFs
BB0521 and BB0522, 139 triplets long.
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The same trends, but considerably stronger, are visible on the level of the whole
chromosome. Fig. 12 shows spider legs for the spliced sequences of all leading- and
lagging strand ORFs as well as mirror walks on intergenic sequences read from the
leading and lagging strands. The walks have been normalised by the length to compare

different sequences.

[G-C] 0.21 - e | St position leading
0.17 1 2nd position leading
0.13 1 e 3rd position leading
0.09 1st position lagging

2nd position lagging

3rd position lagging

0.16 0.25

[A-T] |ntergen|c read from
leading

-0.07 -

intergenic read from
lagging

Figure 12. Spider walks on first, second and third positions in codons in spliced ORFs
located on leading strands (blue) and lagging strands (green), and mirror walks on intergenic
sequences, read from leading strands (blue) and from lagging strands (green).

4.1.4. Distributions of ORFs on torus surface

Similarities between ORFs can be also visualised as their distributions on the
surface of the torus. Fig. 13a shows distribution of all ORFs, arctan([A-T]/[G-C]) for
the first versus second positions in codons, and Fig. 13b shows first versus third
positions. ORFs that group in specific regions of the graph have similar asymmetry. On
the latter graph ORFs from the leading and lagging strands form two distinct sets. It is
enough to measure asymmetry in nucleotide composition to be able to discriminate

between ORFs from leading and lagging strands.
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Figure 13. Distributions of ORFs on torus surface. Each ORF is represented by a point with
co-ordinates of values of asymmetry (or angles of spider legs) of a) first versus second positions
in codons; b) first versus third positions in codons

4.1.5. Coding density

DNA walks can be used to analyse distribution of ORFs on the chromosome. The
walker analyses Watson and Crick strands separately. It moves up if the analysed
nucleotide belongs to a coding sequence on the given strand, and down when the
analysed nucleotide is between ORFs on the analysed strand. When walks done for
Watson and Crick strand are subtracted, the resulting graph shows differences in the
number of ORFs between the strands (Fig. 14a). In the first half of the chromosome
there are more ORFs on the Crick strand, while in the second half — on the Watson
strand. These halves of the chromosome are the leading strand, where the majority of
ORFs are located in most bacterial genomes. When the walks are added, the graph
shows differences between different regions of the chromosome (Fig. 14b).
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Figure 14. Analysis of coding density (proportion of the number of nucleotides within
coding sequences to whole chromosome); a) subtraction of walks on Watson and Crick strands,
b) addition of walks.
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4.1.6. Codon composition of genes

As has been shown above, the leading — lagging asymmetry is present in each
position in the codon, and is strongest in the third position. Transitions in this position
do not change the sense of the encoded amino acid (with two exceptions, see the table
of the genetic code, page 17), however transversions in two-fold degenerated codons do.
[P]-[Y] walks on the third positions of two-fold degenerated codons in ORFs from
Watson strand were subtracted from similar walks done on ORFs from Crick strand.
Respective walks were done for four-fold degenerated codons. The resulting graph
shows the difference in the occurrence of purines and pyrimidines, thus the difference in

the number of accepted transversions in third positions in codons (Fig.15).
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— four-fold

0,12 ~ degenerated
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0,06 -

0,03 -

0 T T T
0 300000 600000 900000

Figure 15. Walks on differences of purines and pyrimidines [P]-[Y] on the third positions in
codons, done of two-fold and four-fold degenerated codons separately.

The leading/lagging asymmetry is seen also on the level of amino acid composition
of proteins. Subtracted walks on groups of synonymous codons (for the same amino
acid) show asymmetric distribution of most of them (Fig. 16). Generally, G and T-rich

codons prevail on the leading, and A and C-rich ones on the lagging strand.
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Figure 16. Subtracted walks on synonymous codons of the twenty amino acids. Each chart
shows distribution of codons coding for a given amino acid. G and T-rich codons are used more
often on the leading strand, and C and A-rich ones on the lagging strand. Thus, most amino
acids are preferentially encoded in specific regions of chromosome.
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4.2. Analysis of the table of substitutions

4.2.1. Borrelia burgdorferi  table of substitutions (BbTs)

The most interesting result of the present work is the empirical model, or table of
frequencies of the twelve kinds substitutions. The frequencies comprise the mutational
pressure which is exerted on the leading strand of the chromosome during replication.

To:
A T G C
A - 0.103 | 0.067 | 0.023
g T 0.065 - 0.035 | 0.035
- G 0.164 | 0.116 - 0.015
C 0.070 | 0.261 | 0.047 -

Table 2. Borrelia burgdorferi table of substitutions (BbTs). Frequencies of substitutions in
the leading strand of the B. burgdorferi chromosome. All frequencies sum up to 1.

4.2.2. Analytical studies

The obtained table of frequencies of the twelve kinds of substitutions (BbTs, Tab.
2) can be quickly tested analytically. The question is how nucleotide composition of a
sequence changes under the influence of the table. First, equimolar composition
(A:T:G:C = 0.25:0.25:0.25:0.25) was gradually altered accordingly to the frequencies of
substitutions in the BbTs. The changes of nucleotide composition in time are shown in
bold lines in Fig. 17. Also, nucleotide composition of the third positions in codons of
the leading strand genes Bf burgdorferiwas put under the mutational pressure of the
table. The results are shown in fine lines in Fig. 17. After a number of steps, the
originally equimolar sequence has the composition of the sequence of the third codon
positions, while the composition of the sequence of the third positions remains
unchanged.
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Figure 17. Analytical studies of the influence of the table of the 12 substitutions (BbTs) on
fractions of nucleotides in a sequence. A3, T3, G3 and C3 (bold lines) are the fractions of
respective nucleotides in third positions in codons of the B. burgdorferi leading strand ORFs. A
eq, T eq, G eq and C eq (fine lines) are fractions of nucleotides in equimolar sequence (initially
A=T=G=C). In time, frequencies of nucleotides in the equimolar sequence change into
frequencies typical for the third positions in codons, while the third positions remain unchanged.

4.2.3. Computer simulations

The table of substitutions was further tested in computer simulations, using software
written by M. R. Dudek. The sequence was analysed nucleotide by nucleotide, and
nucleotides were chosen for mutation with a probabilify. pAfter a nucleotide was
chosen, it was substituted with the probability dictated by the BbTs. Thus, not every
chosen nucleotide was substituted. By this method, it is possible to count each
substitution that took place during the consecutive Monte Carlo Steps (MCS) of the
evolution of the sequence, as well as the differences accumulated in each step between
the mutated and the original sequences. Two sequences were analysed: a computer-
generated random DNA sequence with equimolar nucleotide composition, and the
sequence of spliced ORFs from the leading strand. These sequences were put under the
mutational pressure of BbTs. Changes in the nucleotide composition of first, second and
third codon positions of the ORF sequence during the computer simulations are shown
bold lines in Fig. 18a-c, and the equimolar sequence in Fig. 18d. Composition of third
positions in codons of the leading strand ORFs is shown in fine lines for comparison.
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Figure 18. Results of simulations of evolution of DNA sequences under the influence of
BbTs (bold lines); a), b), c) numbers of A, T, G, and C in first, second and third codon positions
of spliced leading strand ORFs from the B. burgdorferi genome, d) evolution of equimolar
sequence of the length of one third of the spliced ORFs sequence. Fine lines show the
nucleotide composition of the third positions in codons in the leading strand ORFs. Y-axis
shows the fraction of a given type of nucleotide during 3000 generations (X-axis).

The results are similar to the analytical analyses. After a sufficient number of MCS,
the sequences are in equilibrium with the mutational pressure and they reach the
nucleotide composition dictated by the pressure, which is the composition of the third
positions in codons of the leading strand ORFs.

However, in computer simulations the whole sequence is analysed and not only
fractions of nucleotides. Thus, the exact number of substitutions can be determined and
frequencies of all types of substitutions accepted in the sequence can be calculated. Fig.
19a-d shows the numbers of all types of substitutions that occurred during the

simulation.
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Figure 19. Numbers of all types of substitutions that occurred during 3000 Monte Carlo
Steps (MCS) of the simulation. In each step the mutated sequence was compared to the
sequence from the previous step. Y-axis shows the cumulated number of a given type of
substitution during 3000 generations (X-axis). The numbers were calculated separately for a)
first, b) second, c) third positions in codons in the leading strand ORFs in the B. burgdorferi
genome, d) equimolar sequence.

The above figure was obtained by comparing the mutated sequence to the sequence
from the previous evolution step. In this way each substitution was counted. The
number of substitutions depends not only on the frequencies dictated by BbTs but also
on the nucleotide composition of the mutated sequence. Fig. 20a-d was obtained by
comparing the mutated sequence to the original sequence (before the simulations). In
this way only the accumulated mutations were counted, excluding multiple substitutions
and reversions. The rate of accumulation is different for each type of substitution and
each position in the codon. When the sequence reaches equilibrium with the mutational
pressure, the number of different sites between it and the original is constant; thus it

seems to stop accumulating substitutions, although rate of mutation does not change.
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Figure 20. Accumulated substitutions. In each step, the mutated sequence was compared to
the original one and thus the number of substitutions was counted. Y-axis shows the cumulated
number of a given type of substitution during 3000 Monte Carlo Steps (MCS) of simulation
generations (X-axis). The numbers were calculated separately for a) first, b) second, c) third
positions in codons in the leading strand ORFs, d) equimolar sequence.

Fig. 21 shows changes in evolution time of the total number of mutations, accepted
mutations and accumulated substitutions corrected with Kimura’s formula for multiple
substitutions and reversions:

K = -Ln(1-D-(D*D)/5)

where D is the observed distance and K is the corrected distanmtsfK1983).
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Figure 21. Changes in the number of substitutions during 3000 MCS a) evolution of the
sequence of the leading strand ORFs, b) equimolar sequence of the same length.

4.2.4. Properties of BbTs

During evolution, substituted nucleotides disappear in the similar manner as
radioactive isotopes. From the table of substitutions, half-times of substitptinn 7r,
Tc can be calculated for each of the four nucleotle&, T,andC, respectively. This
time is determined by the sum of probabilities of substitutions of a given nucleotide by
the other three nucleotides, for example for adenine:

Ta= IN2/(pmut* (P(A—G) +p(A—T)+p(4—C))

where gt is a parameter which denotes the overall rate of mutation and does not
influence the ratios betweas for different nucleotides. In the equilibrium, the fraction
of a nucleotide which has been substituted is exactly the same as the fraction of this
very nucleotide substituting the other ones. Thus, after the half time of substitutions the
ratio between the “old” nucleotides and “new” nucleotides is 1:1 and this is a general

property of any table of substitutions (Fig. 22a and b).
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Figure 22. Half-time of substitutions. Bold lines show decreasing fractions of the original
nucleotides, fine lines show increasing fractions of newly appearing nucleotides during 1000
MCS a) under the influence of BbTs b) under the influence of an artificial, computer-generated

table of substitution which gives the same nucleotide composition as BbTs.

However, the table of substitutions obtained #r burgdorferi has another
interesting feature: the time when a half of nucleotides of a given type are substituted by
other nucleotides is linearly correlated with the fraction of the analysed type of
nucleotide in the sequence. The higher substitution turnover of a nucleotide, the lower
the fraction of this nucleotide in the DNA sequence (Fig. 23a). It seems to be a property
of the pure mutational pressure. An artificial, computer-generated table of substitutions
by KowALczuk et al. (1999c) imposed asymmetry on DNA sequence but there was no
correlation between fractions of nucleotides in that sequence and the rate of their
substitution (Fig. 23b).
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Figure 23. Correlation between the fraction of a nucleotide (X-axis) and its half-time of
substitution (Y-axis) under the influence of a) BbTs, b) artificial BbTs.
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Also, a table of substitution rates for sequences under strong selectianG(Z
1999) gave no correlation (Tab. 3). However, correlation was found for substitution
matrices which were obtained for sequences free from selection pressure, for example
Li et al. 1984, ¥XNG 1994, and BKASAWA et al. 1982 (Tab. 3).

BbTS mt mt mt
substitution IrSet;'II'S a_rtifi— ESGUd gseud ﬂ]seud ESGUd dros dros DNA
cial 4d 3p 1,2p
A—T 0,103 0,222 0,047 0,024 0,017 0,087 0,124 0,019 0,069
A—G 0,067 0,211 0,050 0,138 0,068 0,149 0,013 0,148 0,082
A—C 0,023 0,016 0,094 0,031 0,068 0,000 0,029 0,005 0,094
T—A 0,066 0,189 0,044 0,024 0,057 0,025 0,004 0,021 0,054
T—-G 0,035 0,002 0,082 0,030 0,114 0,013 0,075 0,005 0,016
T—C 0,035 0,002 0,033 0,126 0,095 0,025 0,379 0,086 0,182
G—A 0,164 0,023 0,210 0,214 0,166 0,177 0,056 0,449 0,118
G-T 0,116 0,278 0,072 0,047 0,030 0,076 0,000 0,041 0,030
G—C 0,015 0,056 0,053 0,051 0,060 0,060 0,000 0,000 0,031
C—A 0,00 0,286 0,065 0,052 0,076 0,052 0,288 0,000 0,087
C—T 0,261 0,010 0,210 0,212 0,172 0,312 0,000 0,227 0,216
C—G 0,047 0,004 0,042 0,054 0,076 0,035 0,124 0,000 0,020
DNA composition
A 30,8 30,8 31,3 30,8 41,0 17,0 27,4 29,8 24,7
T 48,5 48,5 37,2 30,8 17,1 65,6 50,1 43,6 31,5
G 13,8 13,8 15,8 19,9 23,9 11,7 8,3 9,4 17,2
C 6,9 6,9 15,8 18,5 18,1 5,6 14,3 17,2 26,6
Half-time of substitution
Ta 361 199 364 360 450 294 412 404 283
Tr 513 359 437 385 262 1103 637 622 274
T 236 269 207 223 270 229 159 141 388
Tc 183 346 219 219 214 174 240 306 214

Correlation 0,999 0,072 0,998 0,991 0,967 0,998 0,997 0,988 -0,764

Table 3. Examples of tables of substitutions, DNA composition in equilibrium with the
mutational pressure and half times of nucleotide substitutions.

Explanations: BbTs real — table of substitutions in the B. burgdorferi genome on the leading
strand estimated as described in the Materials and Methods section; BbTs artificial — one of the
computer-generated tables which produce the DNA asymmetry and composition like BbTs real;
pseud 1 —data for mammal pseudogene sequences (LI et al. 1984); pseud 2 — data for the psi-
eta-globin pseudogenes of primates (YANG 1994); pseud m and pseud h — data for LDH-A
pseudogenes of mouse and human respectively (FUKASAWA et al. 1986); mtdros 4d and mtdros
3p — data for cytochrome b and NADH dehydrogenase subunit 1 genes of Drosophila mtDNA
for four-fold degenerate sites and the third codon positions (TAMURA 1992); mtDNA 1, 2p - data
for the first and the second codon positions for vertebrate mitochondrial genes (ZHANG 1999)
Notes: The last column represents data for substitutions in mitochondrial sequences under
strong selection pressure; pmy parameter for T counting equals 0,01. For more explanations see
text.
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5. Discussion

5.1. Methods of measuring and showing DNA asymmetry

DNA asymmetry, or deviations from PR2, are usually analysed in terms of excess
of the number of guanines relative to cytosines or adenines relative to thymines. The
bias is measured by GC and AT skews, (G-C)/(G+C) and (A-T)/(A+T), respectively.
The method of analysing GC and AT skews with a sliding windoesily 1996a) is
helpful to detect replication origin in some prokaryotic chromosomes but the results are
often difficult to interpret. If a small-sized window is used, strong fluctuations obscure
the asymmetry (MAzEK, KARLIN 1998), if the window is large, the trends in nucleotide
composition are diminished @LEAN et al. 1998), cf. Fig.1. Cumulative skew diagrams
or plots of numerically integrated skew ORGORIEV (1998) and TLLIER and LLINS
(2000a) eliminate fluctuations and give a much clearer picture (cf. FigR2EMEAN et
al. (1998) performed cumulative diagrams of purine (A+G versus T+C) and keto (G+T
versus A+C) excess, which indicated the origin and terminus of replication, and regions
of integration of foreign DNA in the eubacterial genomes analysed.

RocHA et al. (1999a,b) applied a statistical linear discriminant function to assess
strand asymmetry at the level of nucleotides, codons and amino acids.

A method which differentiates the influence of replication processes and
transcriptional/translational forces on genomic sequences was proposeditry and
CoLLINS (2000a). Their ANOVA analyses quantify and measure statistical significance
of individual effects of replication and gene direction on GC and AT skews. The skews
were measured in each codon position of CDS and in non-CDS separately. They found
that the effect of replication orientation is independent of the effects of transcriptional or
translational processes and in fact can be of the opposite sign. They also found that AT
and GC skews in non-CDS are similar in size and sign to the skews seen with
replication orientation at the third positions in codons.

Much more information can be derived from DNA walk€g€AT, DUDEK 1998).

Walks on differences of [A]-[T] and [G]-[C] give similar results to cumulative diagrams
(Fig. 3a) but walks on particular nucleotides reveal their participation in asymmetry
(Fig. 3b). Subtracting and adding DNA walks allows to separate the effect of
replication-associated processes from the effect introduced by transcription and coding
functions (MACKIEWICZ et al. 1999a,b). Subtraction of walks magnifies the trends in

nucleotide substitutions which are reciprocal on Watson and Crick strands, as are the
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ones connected with replication (Fig. 3), while addition of walks diminishes them and
brings out the trends which are of the same sign on W and C strands, resulting from
transcription and coding functions (or shows the lack of them, as in the caseBof the
burgdorferichromosome, Fig. 4).

The replication-induced asymmetry can be detected in protein coding sequences in
each position in the codon (Fig. 6-7), and as a result, this mutational pressure is
reflected in amino acid composition of proteins (Fig. 16). The walks on ORF sequences
are normalised and presented in the scale of the chromosome, i.e. x-axis shows location
of the analysed ORFs on the chromosome, so the observed asymmetry does not result
from unequal numbers of ORFs on the leading and lagging strands. Analysis of coding
density (subtraction of walks, Fig. 14a) shows that the majority of ORFs are located on
the leading strand, which may add to GC and AT skews observed by some other
authors. When one looks at both W and C strands at the same time (addition of walks,
Fig. 14b), ORFs are distributed more evenly on the chromosome.

Furthermore, "spider" DNA walks can be used to distinguish between coding and
non-coding sequences and to indicate the strand and the phase in which DNA is coding
(CeBRAT, DUDEK 1998). Most coding ORFs have very strong and specific trends in
nucleotide composition of each position in the codon, which can be seen in individual
ORFs (Fig. 10) and even more clearly in spliced sequences of all ORFs from leading
and lagging strands (Fig. 12). The parameters of the "spider" walks, like their angles
and lengths of vectors, have been successfully used to discriminate protein coding from
non-coding sequences and to estimate the total numbers of protein coding genes in
genomes (EBRAT et al. 1997b, EBRAT et al. 1998, KwALczuk et al. 1999b). For
some genomes, likeB. burgdorferj it is possible to determine by nucleotide
composition of a gene, which strand, leading or lagging, it is located on (Fig. 13), and
even amino acid composition of a protein reveals the strand the corresponding gene is
located on. @&RLIK et al. (2000) have used DNA walks to analyse eukaryotic genomes
and have been the first to find replication-associated asymmetry at the ends of
chromosomedNA walks have proven to be the best method to visualise and compare

sequence asymmetry.
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5.2. The steady state of the B. burgdorferi chromosome
TheB. burgdorferichromosome is the most asymmetric of all sequenced so far (see

http://smorfland.microb.uni.wroc.pl/bacasym.htnfibr comparison). Subtraction of

walks on the chromosome sequence shows extremely strong asymmetry, but addition of
walks shows lack of it. The observed asymmetry differentiates sequences from leading
and lagging strands (Fig. 3), while addition of walks differentiates ORFs proximal and
distal to the origin of terminus of replication in some genomes,Bagllus subtilis
(MAckiEwICZ et al. 1999b). However, this kind of asymmetry is absent inBthe
burgdorferichromosome (Fig. 4).

Cumulative walks on first and second positions in codons in ORFs show trends
specific for the coding functions of these sequences, and independent of their location
on chromosome (Fig. 5a-b). Third positions have trends similar to intergenic sequences
(Fig. 5c-d). The same conclusions come from the genomic spider walks (Fig.12).
Apparently, the most degenerated positions in codons have most adapted to their
location on chromosome. However, detrended DNA walks reveal the leading/lagging
asymmetry also in the first and second positions in codons (Fig. 6a-b). Selection on
these positions is not strong enough to eliminate all asymmetric substitutions that occur
during replication. Walks on particular nucleotides show that distribution of each type
of nucleotide contributes to the observed asymmetry, although not to the same extent
(Fig. 7). Addition of walks does not show any clear trends connected with transcription
(Fig. 8a-c and 9a-c), and presented in the scale of subtracted walks shows no asymmetry
at all (Fig. 8d and 9d). The asymmetry between leading and lagging strands of the
chromosome is a result of substitutions introduced during replicatiacKiEvicz et
al. 1999c), and not transcription, as some authors have argaegréBi, BHAGWAT
1996,FRANCINO et al. 1996, RANCINO, OCHMAN 1997 FREEMAN et al. 1998).

The asymmetry is greatest in the third position in the codon, which is under weakest
selection pressure. In half of the boxes of the table of the genetic code (page 17) any
substitution in the third position does not change the sense of the encoded amino acid.
Fig. 15 shows that in those positions (in four-fold degenerated codons) asymmetry is the
strongest. However, the asymmetry is also present in the third positions of two-fold
degenerated codons, which means that some asymmetric transversions that change the
encoded amino acid, and thus should be selected against, are nevertheless fixed. The
nucleotide composition of the third positions in codons follows precisely the sign of the
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asymmetry of intergenic sequences (Fig. 5cd, 6cd, and 7cd) and the third positions of
ORFs situated on the leading and lagging strands have precisely mirror asymmetry (Fig.
10, 12). Apparently, replication-associated mutational pressure is the main force that
generates the observed asymmetry. Interestingly, the asymmetry is greater in third
codon positions than in intergenic sequences. This paradox could be explained
assuming that the highly degenerated third positions have accumulated more neutral or
near neutral mutations introduced by the replication-associated processes because they
stay at their positions for longer than intergenic sequences (Mackiewicz et al. 1999c).
There are constraints on inversions of coding sequences but no constraints on inversions
of intergenic sequences. Thus, some newly inverted intergenic sequences could
complement the asymmetry of the “new host” strand. The third codon positions stay for
longer under the influence of the mutational pressure typical for one strand, and because
they are not under strong selection, their composition is close to equilibrium.

When asymmetry in the first and third positions in codons is taken into account,
genes form two distinct, easily recognisable groups (Fig. 13b), which testifies for a
particular conservation of location of genes in the genomeckMwicz et al. 1999c).

96% of genes coding for ribosomal proteins are located on the leading strand, which
suggests that location and rearrangements of genes are under very strict constraints. In
fact, the structure of the genome has been conserved for such a long time that
asymmetric substitutions had time to accumulate in each position in the codon and
influence the amino acid composition of proteins. The conservation may result either
from lack of recombination between the strands or from the differential killing of genes
relocated to the opposite strand by the replication-associated mutational pressure
(MAckiEwicz 2001a). It seems that genes are “fitted" to their location, where the

mutational pressure is optimal, and the genome is in the steady state.

5.3. The B. burgdorferi table of substitutions
Analyses of long-range correlations in DNA have revealed that in the intergenic
sequences a very strong triplet signal can be detectess(\092, GERLIK et al. 1999).
This signal can be created by fragments of coding sequences transferred into intergenic
space by recombination mechanisms. Apparently, some intergenic sequences have
derived from coding sequences and could freely accumulate mutations with frequencies

determined by the replication-associated mutational pressure (see Fig. 11b for an
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example). If the time of divergence has not been very long, homology between the
intergenic sequences and their original protein coding sequences can be found. In this
way the table of substitutions was constructed for Bhdourgdorferileading strand

ORFs (BbTs, Table 2, see Materials and Methods section for details). An assumption
was made that mutations have accumulated only in the intergenic sequences and not in
the coding sequences, which is not exactly true, but which enabled constructing the
table. This assumption could only lower the real mutational rate without influencing the
ratios between the specific substitutions if selection kills mutants evenly with the same
probability independently of the kind of substitution (the position in codon does not
influence the results). This is a risky assumption but it could give a good approximation
of the mutational pressure exerted on intergenic sequences. Some other authors who
have constructed matrices of substitutions using the mutations accumulated in
pseudogene sequences have made the same assumipdipal (1984, XNG 1994).

The B. burgdorferichromosome was chosen for analysis because there are many
premises indicating that it is in the steady state (see above). Third positions in codons
have been found in equilibrium with replication-associated mutational pressure by
analytical analysis (Fig. 17) and computer simulations (Fig. 18), which show that the
composition of these positions does not change under the influence of mutational
pressure.

After aligning sequences under study and determining site-by-site homologies and
differences between them, one needs to build a mathematical model of the evolution of
the sequences in time. There are two kinds of models, or matrices of substitutions:
empirical ones, using properties calculated through comparisons of observed sequences,
and parametrical ones, using chemical or biological properties of DNA and amino acids
(see LO, GoLbMAN 1998, and WELAN et al. 2001 for review and discussion). The
table of substitution rates described in the present work is a phenomenological,
empirical one. It is the first table that creates DNA in equilibrium, and of nucleotide
composition observed in nature. Contrary to any parametrical model, it retains both
DNA sequence composition and the strand asymmetry of the reference sequences, here
the third positions in codons of tiige burgdorferileading strand ORFs (Fig. 17, 18).
Computer simulations of evolution of the leading strand ORFs under the influence of
the table and no selective constraints allow for more than estimation of changes in
nucleotide composition. They enable watching the history of the sequence and counting

each substitution. The frequencies of substitutions are given in the table, but the number
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of substitutions that actually occur also depends on the composition of the analysed
sequence. That is why the numbers of substitutions are slightly different for each
position in the codon, and for the equimolar sequence (Fig. 19). Much greater
differences are observed in the number of substitutions that accumulated in the analysed
sequence (Fig. 20). When a DNA sequence is put under a mutational pressure, but free
from selection pressure, the number of different sites between this sequence and the
original sequence increases. However, substitutions may occur in the same sites and
after some time the number of different sites between sequences is constant, although
the rate of mutations does not change. The relation between the numbers of
accumulated substitutions and all substitutions is shown in Fig. 21. Usually when
calculating evolutionary distances, one can compare sequences of living organisms, but
ancestral sequences remain unknown. Thus only the number of substitutions
accumulated between these sequences is known. To estimate evolutionary distance, it is
necessary to find the number of substitutions that actually occurred, or to correct the
observed number of substitutions for multiple substitutions and reversions. A way to do
that was proposed by MURA (1983). Fig. 21 shows that Kimura's correction is
accurate only for short evolutionary distances. Ideally, the correction should allow for
calculating the actual number of substitutions from the number of accumulated
substitutions, so it should be close to the graph showing all substitutions. However,
Kimura’'s correction does not take into account different rates of substitution of each
nucleotide, and works only for short evolutionary distances. From Fig. 19 it is clear that
the corrections should be different for each type of substituti@mw@f£czuk et al.

2001c). Knowing the table of substitutions, one can count the corrections that should be
introduced into experimentally found differences in nucleotide sequences to find the
real numbers of substitutions during the divergence time. It is possible to count the
corrections very precisely and for a wide degree of homology. Furthermore, it should be
possible to separate the effects of mutational and selection pressures.

The empirical table of substitutions allows for calculating half times of substitution
for each of the four nucleotides (Fig. 22). What is more, there is a linear evolution law
that correlates the fractions of the four nucleotides in the sequence with the rates of their
substitution (Fig. 23a). The law holds only for real matrices obtained for DNA in the
equilibrium, under only mutational pressure, free from selectioom@{czuk et al.
2001b). Computer-generated tables and the ones obtained for sequences under selection

pressure do not share that property (see Fig. 23b and Table 3). The matrix found for the
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third positions in the four-fold degenerated codon®irasophilamitochondrial DNA
(TAMURA 1992) fulfils this law more precisely than for all third positions in codons in
that organelle’'s genome (the same results were obtained for matrices of primates'
MtDNA published by AAcHI and H\seGAwa, 1996). These differences could be
expected if some mutations in the third positions, leading to amino acid substitutions are
not neutral. One can also notice that matrices found by analysis of substitutions into
different pseudogenes in the same organism or in very closely related organisms give a
different DNA composition in equilibrium, which supports the thesis that the mutational
pressure varies for different regions of the same eukaryotic genanmesKF 1988,

WoOLFE et al. 1989, MTAssI et al. 1999).

Precise, almost deterministic relations between the nucleotide fractions and their
turnover rates enable estimating if the matrix of substitutions is influenced by selection
or not. Also, it enables counting the distance between the given sequence and the
sequence in equilibrium with this mutational pressure. This distance is supposed to be a
measure of selection pressure, which keeps the sequence at the steady state, far from
equilibrium. Using the mutational pressure matrix one can estimate the pressure on each

position in codons in protein coding sequences.
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6. Summary and Conclusions

>

In Borrelia burgdorferj location of a gene on the leading or lagging strand of
the chromosome influences its nucleotide composition, which is reflected by its
codon composition and amino acid composition of the encoded protein.

By the asymmetry in nucleotide composition of first and third positions in
codons ORFs can be divided into two non-overlapping groups located on
different DNA strands.

By comparing gene-derived intergenic sequences to their homologous genes, the
frequency of each kind of substitution (BbTs) was found for leading strand
sequences free from selection.

The empirical matrix of substitutions (BbTs) obeys the linear law for the
correlation of the half-time of substitution of a type of nucleotide with its
fraction in the sequence.

Basing on this law, it is possible to calculate precise corrections for multiple
substitutions and reversions in phylogenetic studies.

Methods of analysis described in this work enable assessment of relative
contribution of mutation and selection forces to the observed asymmetry.

The chromosome is in steady state with replication-associated mutational
pressure and with selection pressure on the encoded information.

The third positions in codons in the leading strand ORFs are in equilibrium with
replication-associated mutational pressure, and the influence of selection is not
visible in four-fold degenerated codons.

Future perspectives:

7/
L X4

If these methods are applied to other genomes, they could allow to estimate the
differences in mutational pressure between genomes and then to estimate the
role of selection on different sequences. It will enable measuring phylogenetic
distances more precisely, and constructing more accurate phylogenetic trees.

Further analysis of the table of substitutions should allow estimating the role of
selection and the susceptibility of each position in codons of the coding
sequences to mutational pressure. Further studies should also indicate if there is
any correlation in elimination of substitutions from the third positions by
truncated selection.
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