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1 2  residues of the N -term inal sequence, extending the N -term i nal sequence to 1 8  

residues .  The 1 8  N -termina l  am ino acids had 55 .6% ident i ty and 83.3% s im i lar i ty 

(exact p lus conservative replacements) with the jack bean u rease N -term i nal 

sequence. The seven amino acids of T21 had 42.9% ident i ty and 1 00% s imi lari ty with 

the u rease f rom Klebsiella aerogenes. Pept ide T40 (25 amino acids) had on ly very 

poor ident ity with othe r sequenced u reases. 

i i i  
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ABSTRACT 

Two i ndicator media were developed to d etect u rease activity i n  Schizosaccharomyces 

pombe colonies.  These m edia were more sensitive than previously publ ished m edia ,  

perm itted the  rapid ident i f icat ion of  u rease mutants ,  were s u i table for ident ify i ng  

u rease  posit ive transformants and were no t  affected by  am ino  acid and  nucleotide 

suppleme nts . 

Fou r  g enes ,  designated ure 1 ,  ure2, ure3, and ure4,  are required for u rease activity i n  

S .  pombe. Each of the genes was mapped to a n  approximate genetic location by induced 

h aplo id izat ion and meiotic recombi n atio n :  ure 1 on the l eft arm of  chromosome I I I ,  32 

cM from tur 1  and 50 cM from ade6; ure2 on the r ight a rm of ch romosome I, 69 cM 

from ura2 and 1 00 cM from ade4; ure3 on  the righ t  a rm of chromosome I ,  3 1  c M  

from ade4 a n d  9 1  c M  from ura2; ure4 on  t h e  left arm o f  chromosome I ,  1 00 cM from 

Iys 1 .  

The l i th ium ch loride method for S. pombe transformation was modif ied to improve the 

t ransformation frequency up to 1 00 - fo ld by us ing carrie r  DNA and res uspending the  

ce l l s  i n  0 .9% NaCI after t ra nsfo rm at io n .  U rease mutants fo r  each of  the four  ure 

genes  were t ransfo rmed with a S. pombe gene bank. Three different plasmid c lones,  

each o f  wh ich specifical ly complemen ted one of the ure 1 ,  ure3, or ure4 mutants, were 

isolated by complementation of the ure- phenotype. A gene bank c lone complementing 

the ure2 mutant was not fou nd . 

S. pombe u rease was purified and characterized. The enzyme was in tracel lu lar and 

on ly  o n e  urease enzyme was detected by non-denaturing PAG E. The u rease was pu rified 

3 ,939-fo ld ,  with a 34% y ie ld ,  by acetone  precipitat ion ,  ammo n i u m  su lfate 

precipitat ion and DEAE-Seph arose ion exchange col umn chromatog raphy. The n at ive 

e nzyme had Mr = 21 2,000 (Sepharose C L6B-200 gel fi l t rat ion ) .  One subun i t  was 

detected ,  with Mr=1 02,OOO (SOS-PAG E) , i ndicating the u ndissociated e nzyme 

con ta ins  two identical subun its .  The specific activity was 709 f.lmo l  u rea  per m i n/mg 

prote i n .  The e nzyme was stable between pH 5.0 and pH 9 .0 .  The opt imum pH range  for 

enzyme activity was pH 7.5 - pH 8 .5 .  The Km for u rea was 1 .03 m M .  The sequences 

of the am ino-terminus and t h ree  t ryptic peptides of the enzyme were dete rmined : N

term inus  - Met Gin Pro Arg Glu Leu H is Lys Leu Thr Leu His Gin  Leu G ly Ser,  peptide 

T21 - Phe l i e  Glu Thr Asn Glu Lys, peptide T 40 - Leu Tyr Ala Pro G l u  Asn Ser Pro Gly 

Phe Val  G lu  Val Leu Glu Gly G lu  l ie G lu  Leu Leu Pro Asn Leu Pro,  peptide T 43 - G lu  Leu 

His Lys Leu Thr Leu His Gin Leu G ly Ser Leu Ala. The sequence of T 43 overlaps the last 

i i 
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INTRODUCTION 

1 THE ETHYL CARBAMATE PROBLEM 

1 . 1 I ntroduction 

Ethy l  carbamate (also known as ure thane ,  e thy lurethane ,  carbamic acid e thy l  ester) is 

a known a n i mal  carci nogen  (Nett les h ip  et  al. , 1 943 ;  M i rvish , 1 968 ;  IARC ,  1 974 ; 

MCCann et  al. , 1 975 ; Schmah l  et al. , 1977) . I n  1 985 h igh l eve ls  of ethyl  carbamate 

were discovered in alcohol ic beverages by the L iquor Control Board of Ontario, Canada. 

Ethy l  carbamate concentrat ions as h igh as  1 3 ,400 �g/I were found and as a resul t  a 

numbe r  of sherr ies , ports ,  sakes ,  fru i t  brand ies ,  l iqueurs ,  bourbons  and wines were 

removed from sale ( Food Chemical News 15 September 1 986) .  I n  1 986 excessive 

ethyl  carbamate levels were also found in alcohol ic beverages in the U n ited States of 

America ( Food Chem ical News 8 September  1 986) . 

The majori ty of ethyl carbamate i n  w ine is probably formed when urea ,  present  at the  

end of fe rmentatio n ,  reacts spontaneous ly w i th  e thano l  (Monte i ro et al. , 1 989 ; Ough e t  

al. , 1 988a ; O u g h  et al., 1988b) . U rea i s  produced from t h e  catabo l i sm o f  arg i n i ne  by 

the wine yeast and is lost to the medi u m  during fermentation (Oug h et al. , 1 988b) .  

Urease is  an e nzyme that catalyzes the hydrolysis of  u rea to ammonia and carbon 

diox ide (Schlegel and Kaltwasse r ,  1974 ) .  A wine yeast wh ich had an active u rease 

enzyme may be expected to rapid ly break down urea and, there fore ,  p roduce wine with 

lower levels of  ethyl ca rbamate. Wine yeasts do not have urease ;  however,  a u rease

producing wine yeast cou ld be obta i ned by the transfer of u rease genes from a su itable  

donor .  The yeast Schizosaccharomyces pombe was considered a su itable urease gene 

donor so the  genet ics and b iochem istry of  S.  pombe u rease were invest igated in  th is  

study .  

1 .2 Tox icology of Ethyl Carbamate 

Ethyl carbamate was used for many years as a sedat ive and general anesthetic for 

an imals and humans .  It was eve n  considered as an ant ineoplastic agent  for cancer 

patients ;  however, stud ies revealed that i t  cou ld  also cause carci nogenesis when 

adm i n is te red to  h eal thy t issues (M i rv i s h ,  1968 ) .  

The carc inogen ic action o f  ethyl carbamate  was  first noted by  Nett leship et at. (1943). 

A s ing le dose of ethy l  carbamate, adm i n istered as an in t raperitoneal i nject ion ,  was 
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sufficien t  to cause pu lmonary tumors (adenomas) i n  m ice. S ince the n ,  it has been 

shown that ethy l  carbamate can induce m al ignant  lymphomas of the thymus,  

hepatomas,  m am mary carc inomas,  and hemangiomas in  m ice ( M i rv i sh ,  1 968 ) .  

Fu rthermore,  i t  can  also act as  a carcinogen in  i so lated rat and  hamste r  t issues ,  and  i n  

Drosophila ( M i rv ish ,  1 968) .  I t  can induce s iste r  chromat id exchange in  m ice 

(Conner ,  1 986) . Breakdown products o f  e thy l  carbamate, i n  part icu la r  the e poxide of  

v iny l  carbamate , rather than ethyl  carbamate i tse l f ,  are though t  to b e  responsib le for 

t he  carci nogen ic  action ( M i rv i sh ,  1 968 ; Park et  al. , 1 990 ;  Ashby ,  1 99 1 ; W i ld ,  

1 99 1 ) . A compo nent  i n  w i n e  appears t o  i n h ib i t  t h e  tumorogen ic  act ion o f  ethy l  

carbamate i n  m ice;  however ,  i t  is u nclear  whether  ethanol  or  some other  compound is  

respons ib le  for  the observed i nh ib i t ion (Stoewsand et al. , 199 1 ; K u rata et al. , 199 1 ; 

A l tman n et al. , 1 99 1 ) . 

1 .3 Ethyl Carbamate in Wine 

Ethyl  carbamate has been a known t race compo nent of w ine ,  and other  alcoho l ic 

beverages and fermented foods ,  fo r more than twenty years ( Lbfroth and G ejval l ,  

1 97 1 ; Walker  e t  al. , 1974, Oug h ,  1976a) . The  presence o f  ethy l  carbamate i n  w i ne  

has  become a matter o f  conce rn twice in  recent  h istory . Through the  1960's and ear ly 

1 970's d ie thy l  pyrocarbonate ( D E PC) was widely used as an ant im icrobia l  food 

addit ive fo r beverages such as fru it j u ices,  w ine  and beer ;  however ,  D E PC can react 

w ith ammon ia  in aqueous solut ions to form ethy l  carbamate . I n  t he  ear ly 1 970's i t  

was shown tha t  DEPC addit ion to  wines  and o ther  products was con tr ibuting  to 

e xcessive leve ls of  ethyl  carbamate ( Lbfroth and Gejva l l ,  1 97 1 ; F ischer ,  1 972) , 

although the  amount of ethyl carbamate formed was disputed (Ough ,  1976b) .  The use 

of  D E PC i n  beverages was ban ned ( i n  the Un ited States of America) i n  1972. The 

natural occurrence of ethyl carbamate i n  a l im ited number of various  foods and 

beverages was subsequent ly invest igated. A number of fermented foods such as yogurt ,  

soy sauce , o l ives and bread con ta ined ethyl carbamate at concentrat ions of 1 .2 to 3 .9  

119/1 o r  119/k9 (Oug h ,  1976a) .  The  ethy l  ca rbamate concen trat ion i n  w ines  was 1 .2 -

5 .8  I1gl1 and in  sake was 1 54 - 170 !J.g/ I .  No ethyl  carbamate was detected in 

un fermented foods. 

In 1 98 5  the d iscovery of much h ighe r  l evels of ethy l  carbamate resu lted in the 

withdrawal f rom sale of a number  of  sherr ies ,  ports ,  fru i t  brand ies ,  l i queurs, and 

bourbons .  The Canadian Department  of  Hea lth and Welfare estab l ished the  fol lowing 

l im its for ethy l  carbamate concen trations  i n  a lcoho l ic beverages :  table wines - 30 

ug/I , for t i f ied w ines (sherr ies and ports) - 100 ug/I , d is t i l led sp i ri ts - 1 50 ug/ I ,  
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f ru i t  brand ies  and l iqueurs - 400 ug/l ( Liquor  Control Board of Ontar io ,  1 986) . An 

extensive study of 196 white and 57 red w ines showed that 1 5% and 5 .9%,  

respect ively ,  conta ined ethy l  carbamate at a concentration g reater than t he  l im its 

recommended by the Canadian government (C legg et al. , 1 988) .  Excessive ethyl 

carbamate in American alcohol ic beverages was discovered in 1 986  ( Food Chemical 

News 8 S eptember 1 986) .  G u ide l ines were set in 1988 to l im it t he  ethyl carbamate 

concentrat ions in imported and loca l ly  produced products (Food Chem ical News 4 

January 1988 ; Food Chemical News 1 February 1988 ; Food Che m ical News 1 6  M ay 

1 988) .  In t he  gu idel ines it was ag reed that ,  start ing with g rapes from t he  

1 988/1 989 ha rvests, table wines ( 1 4% alcohol o r  less) , desert wines (over 1 4% 

alcoho l )  and spi r its shou ld contain less than 15 1-l9/ I ,  60 1-l9/I and 1 25 1-l9/I ethy l  

carbamate ,  respective ly .  Furthermore ,  com mencing in 1995,  no more t han 1 % of 

table o r  dessert wines should have e thy l  carbamate at g reater than 25 u g/l and 90 

ug/ l ,  respective ly .  The ind ustr ies a l so pro m ised to conduct annual  surveys ,  continue 

intens ive research programs and try to reduce ethyl carbam ate to the  lowest 

concentration poss ible (Food Chemical News 1 8  January 1 988) . The analysis of beer ,  

whi te wines ,  red wines ,  fort i f ied w ines,  d i s t i l led spi r i ts ,  f ru i t  b rand ies ,  and l i queu rs 

showed that ethyl carbamate concentrations exceeding the l im i ts  were common for a l l  

categor ies o f  beverages except bee r  (Funch and L isbjerg , 1988 ;  Food Chem ical News 

20 October 1986, Food Chem ical News 8 September 1986) . 

1 .4 Ethyl Carbamate Formation 

The use of DEPC, known to cause h ig h  ethyl carbamate in wine, has been banned and 

need no longer  be considered as a precursor of e thyl carbamate .  The potential of a 

variety of com monly used yeast food types to form ethyl carbamate du ring wine 

fermentation has been invest igated . The fol lowing yeast foods were tested :  casamino 

acids ,  d iam monium phosphate, g lycine, u rea,  and yeast ext ract . Only u rea resul ted in 

h igh ethy l  carbamate leve ls ,  and only when the wine was heated after fermentation. 

Befo re heat  t reatment no ethy l  carbamate was detected ( Ing ledew , et  al. ,  1 987) . The 

use of  u rea as a yeast food in wine manufacture was banned in 1986.  

The e thano lysis of  various compo unds natural ly present in wine is another potent ia l  

sou rce of  e thy l  carbamate (Ough ,  1976a ;  Bau mann and Z immerl i ,  198 6 ;  Ough et al. , 

1988a) . C arbamyl compounds a re expected to react with ethanol to fo rm ethyl 

carbamate  (Ough et  aI. , 1 988a ; Ough ,  1976a). Carbamyl compounds that are e xpected 

to be present in wine include carbamyl  phosphate, urea ,  c i t ru l l ine , a l l anto in, N
carbamyl a-am ino acids ,  and N-carbamyl  a- isobutyrate (Ba u m ann and Z immerl i ,  
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1 986 ;  Ough et  al. , 1 988a) . Of these compo u nds, on ly  urea and carbamyl  phosphate 

react with e thano l  to form s ign ifican t  amounts of ethyl carbamate (Ough et  al. , 1 988a;  

Baumann  and Zimmerl i ,  1 986) .  C i tru l l i ne  can a lso form ethy l  carbamate,  but to a 

lesser exten t .  Carbamyl phosphate i s  more reactive than u rea and  rapidly forms ethyl  

carbam ate at room temperatu re . U rea requ i res heat ing for max imum ethy l  carbamate 

format ion (Ough et al. , 1 988a ;  I n g ledew e t  al. ,  1 987 ;  Bauman n and Z i mmer l i ,  1 986) . 

A l though carbamyl phosphate is ve ry react ive ,  on ly smal l  amou nts are p resent i n  yeast 

ce l ls and th is  compound probably accounts on ly fo r the very low leve ls of ethyl 

carbamat e  fou nd in freshly fe rmented foods and beverages (Ough et al. , 1 988a) . 

C itru l l i n e  can be present i n  w ines at up to 50 mg/I (Ough ,  1 988) ; however, it reacts 

about  e ight  t imes slower than urea (Ough et al., 1 988a; Ough ,  1 988) and so wou ld  g ive 

eight t imes less ethy l  carbamate at any g iven t ime and temperatu re.  U re a  may be 

present  at eve n  h igher  concentrat ions  than  citru l l i ne  (Ough and  Tr io l i ,  1 988) .  

Monte i ro et al. ,  ( 1 989) observed that radioactively labeled urea added to  win e  became 

incorporated i nto ethyl carbamate.  Ough et  al. ,  ( 1 988b) showed that u rea can account  

for the majority of  ethyl  ca rbamate formed in  wine ;  however ,  other u n ident ifi ed 

precu rsors of ethyl carbamate are a lso present in unfe rmented g rape j u ice (Teg mo

Larsson and Hen ick-K l i ng ,  1 990) .  U rea produced by the yeast du ri ng fe rmentat ion 

appe ars to b e  the mai n ,  if not the o n ly ,  sou rce of a l l  detectable ethy l  carbamate i n  sake 

(K i tamoto et al. , 1 99 1 ) .  

The very h igh  level of ethyl carbamate found  i n  some stone fru i t  b rand ies appears to be 

formed by the  react ion of hydrocyan ic acid with d icarbonyl compounds and ethanol  

(Baumann and Z immerl i ,  1 986) . H ydrocyanic acid is  re leased from fru i t-stones  

broken du r i ng  the  must preparat ion . Ethyl  carbamate in  gra i n -based spiri ts seems to 

be p rimar i ly  formed from a react ion betwee n  cyan ide compounds and ethanol (McGi l l  

and Morle y ,  1 990) . The cyan ide compo unds are formed when the cyanohydrin o f  

isobuty raldehyde, a substance present i n  malted ba rley wort , i s  h eated dur ing 

d is t i l l a t ion  ( Cook et al. , 1 990) . 

1 .5 Urea Formation i n  Wine 

Urea can be formed in w ine du r ing fermentation (Ough ,  1 98 8 ;  Ough et al. , 1 988b) .  

Urea may be produced by two catabo lic processes i n  yeasts:  pur ine deg radat ion and 

arg i n i ne  deg radat ion (Cooper, 1 982; Larg e ,  1 986) . The  concent rat ion of puri n es i n  

grape j u ice is too low to  account fo r the observed accu mu lat ion of  u rea (Monte i ro et  

al. , 1 989) ; however, arg in i ne is  one of  the  ma in  amino acids presen t  in  g rape j u ice, 

wi th conce nt rat ions frequent ly  h i ghe r  than 500 mg/I ( Monte i ro e t  al. ,  
·
1 989 ;  Castor 
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1 953a ;  K l iewer ,  1 970} . Radioactive tracer  studies have shown that a rg i n i ne  i s  

degraded to  u rea wh ich is released in to the  medium dur ing  fermen tat ion (Monteiro et  

a/. ,  1 989) .  A rg in ine addit ions to  g rape j u ice i ncrease t h e  fi na l  y ie ld of  ethyl  

carbam ate (Ough et a/. , 1 988b) . 

Arg i n i ne  transport into the ce l l  and the  arg inase enzyme ,  which catalyzes the 

breakdown of arg in ine to orn it h i ne  and urea ,  are both contro l led by n i t rogen catabol ite 

repress ion ( Large ,  1 986 ;  Cooper ,  1 982) . The refore ,  a rg i n i ne  deg radat ion is 

repressed when a more readi ly u t i l ized n it rogen sou rce , such as a m mon ium or 

g l utamate , is availab le .  Ough et a/. ( 1 9 88b) observed t hat e thy l  carbamate format ion 

i n  a rg i n ine -supplemented g rape ju ice was reduced by the  add it ion of  moderate amounts 

of ammon i u m  or g lutamate to the fermen tation .  

U rea  can  be lost from t he  cel l  by fac i l i tated d i ffusion (Cooper ,  1 982) . Addi t io n al ly ,  

u rea can be lost from the ce l l  due  to  pe rmeabil ization caused by the e thano l  produced 

d u ring  fermen tation or  added d u r ing fort i f icat ion (Salg ue i ro et a/. , 1 988 ;  Mon te i ro e t  

a/. , 1 989) . U rea can also be metabol ized t o  carbon dioxide and ammonium by t h e  two

step u rea am ido lyase reaction (Whi tney and Cooper ,  1972) . Urea b reakdown in w ine 

yeast is subject to  n i t rogen catabol i te  repression (Cooper, 1982) . 

The facto rs t hat determine  the amount  of u rea at the end of fermentat ion are complex 

and poor ly u nderstood. The fo l lowing account  is a possible explanation for u rea 

accu m u lat ion during wine fermen tation .  Grape ju ice conta ins i no rg a n ic (ammon ia) 

and o rgan ic n it rogen sources (Amer ine  et a/. , 1967; Ough ,  1969) .  The inorgan ic  

n i t rogen is the prefe rred n itroge n  sou rce and is  rapidly used up wi th i n  t he  f i rst two 

degrees br ix drop, at which t ime the org an ic n i t rogen is taken up and used. The two 

ma in  am ino acids in wine are arg i n i ne  and pro l i ne ;  however,  o n ly a rg in i ne  is a very 

importan t  n it rogen source used by yeast during v in if icat io n (Castor ,  1 953b) . 

A rg i n i ne  i s  taken into the cel l  when the ammonia is depleted .  As the  arg in i ne 

concentrat ion i ncreases wi th in  the  ce l l ,  arg inase production is induced. This enzyme 

hydrolyzes arg in ine to o rn i th i n e  and u rea .  Orn ith i ne  is converted to pro l ine and used 

as a n it roge n  sou rce and fo r prote in  synthesis (Cooper ,  1982) . Orn i th ine is a lso used 

for put rescene and polyamine synthes is (Davis ,  1 986) . Urea may be manufactu red 

faste r  than  i t  can be used , resu l t ing in u rea transport out of the ce l l .  Eventua l l y ,  u rea 

m ay be taken back in to the cell and converted to ammon ia and carbon dioxide when 

o ther  n it roge n  sources have been depleted; however ,  fermentat ion may be stopped 

befo re th is process can occur. 
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1 .6 The Solution 

The factors affecting the amount of ethy l  carbamate that forms i n  w ines are not wel l  

understood and many expe r imen ts have lacked reproducibi l i ty (Ough ,  1 988) ; 

however, some factors have been identi f ied wh ich may help reduce ethy l  carbamate in  

w ines .  E thy l  carbamate appears to  be g radual ly formed i n  wi n e  and the reaction rate i s  

g reat ly i n f l uenced by pH,  t ime and  temperature (Ough et al. , 1 988a ) .  Therefore,  t he  

storage condi t ions o f  w ine  may be important .  Ough (1988) recommends ferment ing , 

sto r ing and sh ipping wine i n  co ld  condi t ions to reduce ethyl carbamate ; however, 

Monte i ro et al. (1989) found that i ncubat ing cel ls at low temperatu res (4 DC) caused a 

g reater  l eakage of urea from the  yeast ce l ls .  Certain variet ies of g rapes tend to 

produce more ethyl carbamate (Oug h ,  1 988) .  When these g rapes are n i trogen starved 

ethyl  carbam ate is reduced (Ou g h ,  1988) . Some yeast stra ins tend to result i n  lower 

ethyl carbamate levels (Ough ,  1988) . 

The use  of g rape and yeast variet ies ,  and cul ture and sto rage condi t ions that promote 

lowe r  ethy l  ca rbamate levels m ay reduce the n umber of wines hav ing  high ethyl 

carbamate ;  however,  these condi t ions are d ifficu lt to contro l ,  may affect the w ine 

qua l i ty ,  and tend to  produce w ide ly  vary ing results (Ough ,  1988) .  Two al ternat ive 

strateg ies  for e nsur ing low ethyl  carbamate have been suggested:  (1) m in im ize urea 

product ion by us ing an arg inase-defici en t  yeast stra in , and (2) use u rease to remove 

u rea .  

An arg inase-deficient stra in  of S.  cerevisiae has been used to  make sake (Kitamoto et  

al. , 1991) . Th is strain resul ted i n  no detectable u rea or e thy l  carbamate in  the f ina l  

product , whereas sake prepared with the  usual yeast contai ned urea and ethyl 

carbamate . K itamoto et al. ( 1 991) suggested that an arg i nase-def ic ient yeast may 

reduce ethy l  carbamate i n  wi n e ;  however, arg in ine  is  one of the major sources of 

n it rogen fo r yeasts dur ing v i n i ficat ion (Castor, 1953b) and may account for up to 

50% of the total n itrogen  i n  g rape j u ice (K l iewer, 1969,  1 970) . M uch of the 

arg i n i n e  i s  used for  g rowth,. fo r example ,  i n  a must  conta i n i ng  1 ,500 mg/I a rg i n i ne ,  

and genera l ly low amounts of  o ther  am ino acids and ammon ia ,  about 1 , 1 00 mg/I o f  

arg i n i ne  was metabol ized (Oug h ,  1988) . The use  of an arg i nase-deficient yeast i n  

w ine  manufacture may requ i re the  addit ion o f  an  exogenous n itrogen source to  support 

yeast g rowth . In sake, arg i n ine  is not  the major amino acid and l i t t le arg i n ine  i s  

m etabo l ized (K itamoto et al. ,  1 99 1 ) .  Many other amino acids are  present a t  hig h 

levels and cou ld act as alternative n itrogen sources. 
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U rea  has been successfu l ly removed from sake by the addit ion of an  acid stable urease 

( Yosh izawa a nd Takahash i ,  1 988 ) .  H e at k i l led cel ls of Lactobacillus fermentum, 

which h as a u rease that is stable and active at low pH , were added to sake. The 

L. fermentum acid-stable u rease was tested in  a s imi lar  way on  w ine  (Ough and 

Tr io l i ,  1 988) .  The sensory qual i ty of the wine was not adversely affected ;  however ,  

the u rease was not very effective and large amounts were requ i red (Ough and Triol i ,  

1 9 8 8 ) . 

The acid stable urease is i nh ib i ted by f luoride ions and mal ic acid w hich are present  i n  

w i ne  and  the  efficiency varies g reat ly  from w i n e  to w i n e  (Ough  and Trio l i ,  1 988 ;  

Tr io l i  and  Oug h ,  1 989;  Famuyiwa and Ough ,  1 991 ) .  A more re l iab le  way to redu ce 

urea i n  w i ne ,  without adversely affect ing the growth of the yeast ,  m ay be to use a wine 

yeast wh ich produces int race l l u la r  urease.  Urea may then be broken down rapid ly ,  

with in  the  cel l ,  as i t  was formed from the degradation of  arg i n i ne .  Such a wine yeast 

cou ld be obtained by the transfer of t he  u rease genes from a su i table donor. 

A su i table donor must have seve ral p ropert ies before it can be cons idered as an 

appropriate and convenient source fo r the u rease genes.  The organ ism should be non

bacter ia l  because wine makers would be reluctant  to use a yeast conta in ing 

recomb inan t  DNA of bacter ia l  o rig i n .  Furthermore , most u rease-posi t ive bacte r ia 

stud ied are pathogens or opportun ist pathogens of humans and i t  would be d i fficu l t  to 

obtai n  approval to use a yeast contai n i ng DNA from these o rgan isms .  A yeast donor 

wou ld b e  more acceptable .  A g enet ical ly eng ineered bakers yeast,  contain ing 

rearranged yeast DNA, has been approved for food use in  Europe ( H odgson ,  1 990) .  The 

donor o rgan ism should be amenable to genetic and b iochemical analysis and gene 

man ipulat ion so that the urease ge nes cou ld be read i ly ident i f ied, studied and iso lated. 

The subsequent manipu lation of the i so lated urease genes requ i red to obta in expression 

i n  S. cerevisiae may be simpl if ied if the u rease in the donor o rgan ism was produced 

in t race l l u larly and was not contro l led by n i trogen catabol i te repression . An 

i n t race l l u lar activity is essent ia l  because the u rease is not e xpected to fu nction 

efficie nt ly at the low pH of w ine .  A lso ,  g rape must has h igh  n it roge n  levels and so 

genes  control led by n itrogen catabo l i te repress ion may not be very active (see above) . 

I t  may also improve express ion of  t he  u rease in S. cerevisiae if t he  donor genes shared 

codon biases with S. cerevisiae. The yeast Schizo saccharomyces pombe was selected as 

a potent ia l  u rease donor.  S. pombe (Snow and Gallande r,  1 979) and the closely related 

Schizosaccharomyces malidevorans 1 1  (Thornton and Rodriguez ,  1 992) have been 

added to w ines to assist deacid ificat ion . Therefore , l i t t le resistance to us ing a w ine 

yeast contain ing genes from S.  pombe i s  expected. S.  pombe has an active (Kockova-
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K ratochv i lova et  a/. , 1985;  Booth and Vishn iac, 1 987)  u rease that  is const i tut ively 

expressed (F lur i  and King hor n ,  1 985a) . Some aspects of S. pombe gene expression 

are conserved between S. pombe and S. cerevisiae, although there are a lso many 

differences,  and several S. pombe genes have been shown to complement S. cerevisiae 

m utants  ( Russel l  and Ha l l ,  1 983 ; R u sse l l ,  1989) . The two o rgan isms also s hare 

many codon biases (Sharp et a/. , 1 988) . The g enet ic man ipu lat ion of  S. pombe is wel l  

es tab l i shed ( Russe l l ,  1 989 ;  Moreno et a/. , 1 99 1 )  and vectors su i table for t he  

con st ruct ion o f  recombinant i ndustr ia l  yeasts free o f  bacte ria l  sequences have been 

described and successfu l ly u sed on i ndustr ial st rains of Saccharomyces (Casey et a/. , 

1 988 ;  X iao and Rank, 1989) . S. pombe seemed to be a su itable u rease gene donor. 

Therefore ,  the genetics and biochem istry of S. pombe urease were further  

characte rized in the presen t  study.  

2 SCH/ZOSACCHAROMYCES POMBE 

The g e netics and physiology of S. pombe have been the subject of several recent  

rev iews (M itch ison ,  1970; Leupo ld ,  1970 ; Gutz et  al. , 1 974 ; Ege l  et a/. , 1980 ; 

Nasi m  et al. , 1 989 ; Moreno et  a/. , 1991) . 

Schizosaccharomyces pombe is a un ice l l u lar eukaryote with a predom inant ly haploid 

l i fe-cycle .  S. pombe cel ls are cyl inders with rou nded e nds . The diameter of haploid 

cel ls i s  about 3.5 �m and changes very l i t t le throughout the ce l l  cycle . The length 

i ncreases from about 7 �m , for t he  n ewly fo rmed ce l l ,  to about  1 2  - 1 5  �m at the  end 

of t he  ce l l  cycl e .  Thus ,  g rowth is pr imari ly by  extens ion alone .  Diploid ce l l s  a re both 

longe r  and wider than haploid cel l s .  Growth cond i t ions can gre at ly inf luence ce l l  size 

and shape . Cel ls d ivide by transverse binary fissio n .  The  length of the cel l  cycle 

var ies g reatly with cul ture condit ions ,  but is about  2 .5  hours i n  r ich medium at  30 °C .  

Nucle ar division beg ins at 0 .75 of  the  cel l  cycle and the m edia l  septu m is formed at 

0 .85 . The G1 phase of the cel l  cyc le is very short .  DNA repl ication occurs ear ly and is 

com pleted in 10 - 15 minutes .  The G2 phase occupies about 75% of the ce l l  cycle .  

Cu lt u res in stationary phase accum u late in G1  or G 2, depending on  whether n i t roge n  or 

carbo n ,  respective ly ,  is l im it i ng .  Cel ls conjugate i n  the G1 stage when approach ing 

stat io nary phase ,  therefo re ,  n i t rogen  l im itat ion promotes conjugat io n .  G lucose is 

l im i t i ng  i n  the  commonly used yeast  ex tract (YE) and m in imal  (MM) media ,  and cel ls 

accumu late mostly in G2, a l though some conjugation can occur .  

The sexua l  cycle is i n it iated th rough the conjugat ion of G1  ce l ls  of opposite mat ing 

types .  When ce l ls of opposite mat ing type are g rown together ,  a strong sexual 
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agg l ut i nat ion occurs in response to nutr ient l i mitation at the end  of vegetative growth ,  

fo l lowed by  a pairwise copulat ion o f  cel ls to  form the  zygote. The  zygote immediately 

proceeds th rough meiosis and sporu lat ion to generate fou r  h aploid ascospores with i n  

the  ce l l  wal l of the orig ina l  zygote (zygotic ascus) .  Thus ,  the  diploid phase i s  normal ly  

confi n ed to the zygote . The spores germinate with h igh effic iency to form vegetative 

haploid ce l ls .  U nder appropriate condit ions,  and with low frequency, a zygote may 

en te r  the m itotic cycle to produce vegetatively d ividing dip lo id cel ls .  The response of  

d ip lo id  ce l l s  to nutrient starvat ion depends on the mat ing type config u rat ion .  D ip lo ids 

wi th  heterozygous h+l h - mat ing type (see below) u ndergo two meiotic d iv is ions ,  

w i thout  pr ior  conjugation ,  to fo rm four  haploid spores i n  an  ascus (azygotic ascus) 

wh ic h  is morpho logical ly d ist inct from the zygotic ascus .  Stable diploid cel l s  can ar ise 

due to m itotic recombin ation between the mating type locus and the centromere , to 

gene rate homozygous h +lh+ or h -I h - cel ls .  These ce l ls  can not sporulate but  may 

mate wi th d iploid (or  haploid) ce l ls  of  opposite mat ing type.  Nuclear fus ion occu rs a nd 

a te traploid (or triploid) meiosis fo l lows to generate fou r  d ip lo id spores in a zygot ic 

ascus .  Homothal l ic diploid stra ins with an  h 901 h 90 con figu rat ion can sporu late 

(azygotic ascus with haploid spores) o r  mate with cel ls of al l  other mating types and 

gene rate asc i ,  as  above .  Under  condit ions where conjugat ion is  inefficient ,  n uclea r  

fus ion  may not occu r. I nstead, both n uclei may undergo me iosis separately (twin 

me iosis) and generate a six or e ight spored ascus .  Diploid ce l ls  can also arise as 

m i totic seg regants gene rated by endomitosis. These cel ls are homozygous for a l l  genes ,  

. i nc lud ing  the mating type ,  and can not sporu late , bu t  may m ate with cel ls of opposite 

mat ing type as described above . Al l  haploid cultures contain a few diploid cel ls 

gene rated by endomitos is .  Both haploid and diploid stra ins are used for genetic, 

phys io log ica l and biochem ical studies of S. pombe; however ,  d iploid cel ls a re general ly 

less viable than haploid cel ls .  Therefo re, un less a diploid strain is specifical l y  

requ i red, haploid strains are  a lways used . 

S. pombe has two mat ing types ,  h+ and h-. Strains used for most purposes are 

he te rotha l l ic h+ N (N = normal )  or  h -S (S = stable) a nd the design ation of these 

stra i ns  is usual ly shortened to h +  and h- .  Heterotha l l ic  strains of opposite mat ing 

type can mate with each other ,  whereas the homotha l l ic s t ra in  h90 is se l f  ferti l e ,  as  

we l l  as ab le  to  mate w i th  e i ther  heterothal l ic type.  Homotha l l ic strains are  ab le  to 

switch the i r  mating type between h+ and h- every few cel l  d iv isions .  Any s ing le  ce l l  

is comm itted to one or the other  mat ing type, but s ister ce l ls  are nearly independent  of  

each other with respect to mat ing type.  Thus ,  any popu lat ion of h 90 ce l ls contai ns both 

h- and h +  types which can mate and sporulate . At low frequency h+ N stra ins switch to 

h 90. h- S stra ins are stable and do not switch to h+ or  h 90. Several other a l le les of h +  
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and h- hav e  a lso been  described: h+R (R = recomb inan t) , h-U (U = u nstable) , and h + S  
( S  = stable) . These a l le les ,  w i th  the  exception o f  h+S, are  general ly not u sed u nless 

specif ical ly requ i red. The h + S  a l le le has recent ly been constructed by recombinant  

DNA techn iques and is i ncreas ing ly being used because i t  does not revert to h90. 

The progen ito rs of a l l  strains  of S. pombe cu rrent ly u sed were isolated by Leupold 

( 1 950) from a culture of  S. pombe Lindner str. liquefaciens Osterwalder which was 

obtai ned from the "Cen t raa lbureau voor Sch imme lcu l tu res" in De lft , the Nether lands.  

The  o rig ina l  w i ld type stra i n s ,  isolated by Leupo ld ,  wi th h90, h+ N and h-S mat ing type 

have st ra in  designat ions  968 ,  975 , and 972, respect ive ly .  Al l  o ther  stra ins 

current ly used were derived f rom these strains and ,  therefore,  have a h igh degree  of 

genetic homogeneity .  

Cytolog ica l ,  genetic and e lectrophoretic data show that S. pombe has three 

chromosomes.  The first extens ive genetic map, showing the locat ions of 1 1 8  genes ,  

was pub l ished by Koh l i  et  al. ( 1 977) . T h is map is periodical ly rev ised and e xpanded. 

Cu rrent ly 1 62 genes have been precisely located on the th ree chromosom es (Munz  e t  

al. , 1 989) . A l ist of 460 genes and the correspond ing gene  products o r  mutants 

phenotypes has been  described Koh l i  ( 1 987) .  The total length of the genetic map is 

2, 1 00 cM.  This length is an  u nderest imate , due to incomplete mapping of  the 

chro mosome.  I n terference between crossover events i n  S. pombe meiosis is large ly 

absent .  The DNA content  per haploid spore is about 1 .5 x 1 0- 1 4g, s imi lar  to the  DNA 

content  of S. cerevisiae and about three to four t imes the DNA content of E. coli. The 

length of  the  S. pombe genome is about 1 4 ,000 k i lobases .  S. pombe chromosomes have 

been separated by pu lsed f ie ld e lectrophoresis and a Notl restrict ion map of the 

chro mosomes has been pub l ished ( Fan et a/. ,  1 989) .  

Deta i ls  of g enet ic, mo lecu lar  biology and biochem istry techn iques fo r S. pombe have 

been recent ly  pub l ished (Moreno et  al. , 1 991 ) .  

3 UREA AND UREASE 

3 . 1  I ntroduct ion 

Urea is formed from the deg radation of  pu rines and other  n i t rogenous compo u nds ,  s uch 

as amino acids (reviewed by Mobley and Hausinger ,  1 989) .  Eno rmous quant it ies o f  

u rea are released into t h e  e nv i ronment ,  fo r example ,  i n  t h e  u rine of  m am m als .  St i l l  

more urea i s  formed from the degradation of  u ric acid wh ich is  excreted by b i rds ,  
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rept i les and many insects ;  however ,  u rea is rapidly b roken down in  the  environmen t  

th rough t he  action o f  u rease.  

Urease (urea amidohydrolase ; EC 3 .5 . 1 .5 )  catalyzes the  hydrolysis of urea to y ie ld 

ammonia and carbamate (Andrews et a/. ,  1 984) . 

u rease .... ...... NH3 + H2 N - C- OH 
I I  
o 

Carbamate spontaneously hydrolyzes to carbon ic acid and a second molecu l e  of 

ammonia .  

----.�� NH3 + 

I n  biological systems the ammonia becomes protonated, result ing i n  a pH i ncrease,  a nd 

the carbon ic acid proton d issociates.  

+ HCq3 

+ 
--_�� 2NH 4 + 20H 

The first enzyme ever crystal l ized was the urease from jack bean ( Canavalia 

ensiformis) (Sumner ,  1 926) and th is e nzyme remains the best characte rized u rease .  

U rease occurs in plants , algae ,  invertebrates ,  yeasts ,  f i lamentous fu ng i ,  and bacteria, 

inc lud ing archaebacteria ;  however, o n ly certain genera or species within each d iv ision 

have urease activity (Mobley and Hau singer ,  1 989) .  U rease activity is o ften a u seful 

criter ion for taxonomic assignmen t  of bacter ia and yeasts (Ch ristensen ,  1 946 ;  

Seel iger ,  1 956 ; Sen  and Komagata, 1 979 ; Booth and Vishn iac, 1 987 ) .  U rease is  

important in  the pathogenesis of an ima ls  and humans ,  in the removal  of  u rea from the 

environment  and i n  the ruminant  metabol ism . The urease activity o f  a n umber of  

pathogen ic bacteria has been d i rectly associated wi th  the fo rmation of  i n fection stones 

and a lso contr ibutes to a number of other  pathogen ic  condit ions of the  ur inary and 

gastro- in testi na l  systems (Mobley and Haus inger ,  1 989) . Some of the more 

com mon ly involved o rgan isms inc lude Proteus mirabilis, Providencia s tuartii, 

Klebsiella species,  Morganella ( Proteus) morganii, Ureaplasma urealyticum, and  

Helicobacter ( Campylobacter) pylori. Microbial u reases a re  also i mportant  in t he  

n itroge n  metabol ism of  ruminants (Mobley and Haus inger ,  1 989) .  Ammon ia,  re leased 

from the hyd rolysis of u rea,  is an important n i trogen sou rce for r um ina l  bacteria .  

The rum inal bacter ia are , in  tu rn ,  an  impo rtant n u tr ient fo r the ru m inan t .  Urea is 
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w idespread in  the enviro nment .  Bacter ia ,  yeast ,  f i lamen tous fung i  and a lgae are a l l  

impo rtant sou rces of env i ronmenta l  urease act iv i ty .  The ammonia l i berated by u rease 

act ion can be assimi lated by plants and so i l  m icrobes .  

Very h igh  concentrations  o f  u rease a re  found in  som e  ce l l s ,  for example ,  Bacillus 

pasteurii, Aspergillus tamarii, a nd the seeds of some Leguminosae (Mobley and 

Haus inger ,  1 989) .  I t  has been suggested that the pr ime funct ion of u rease i n  these 

organ isms is  as  a storage prote in  (Zawada and Sutcl i ffe, 1 98 1 ) .  The breakdown of 

urease would provide amino acids and ammonia n ecessary for g rowth .  

U rease activity is subject to  a var iety o f  reg u latory mechan isms. The synthesis o f  

u rease in  many bacter ia appears to be repressed i n  the presence of a preferred 

n i trogen source by the n it roge n  regulatory system.  In other bacter ia u rease syn thesis 

may be d i rect ly i nduced by the presence of urea. Both n it rogen repression and u re a  

induct ion control u rease expression i n  some bacter ia .  A th i rd class of u reases i s  

expressed const i tut ively and is  unaffected b y  the n itrogen source or the presence of 

u rea .  (for review see Mobley and Haus inger ,  1989 ) .  U rease activity i n  Aspergillus 

nidulans is not inducib le but is contro l led by n i t rog e n  repression (Mackay and 

Pateman , 1982 ) ,  u n l ike the u rease of Neurospora crassa, which appears to be n ei ther  

induced nor repressed (Haysman and Howe,  1971) . Urea transport systems in  

bacte ria (J ahns  et al. , 1988 ) ,  f i lame ntous fung i  (Pateman et al. , 1 982)  and yeasts 

(Cooper and Su mrada,  1975) may a lso be contro l led by n i trogen repression .  

Urease i s  probably a cytoplasmic enzyme in  yeasts, most bacteria  and jack bean 

(Mobley and Haus inger ,  1989) .  Urease f rom Helicobacter pylori is p robably present  

o n  the cel l  su rface (Bode et al. ,  1 989 ;  H awt in et  al. , 1990;  Dunn et a l. ,  1 99 1 ) .  

Ce l l  membranes are not general ly freely permeable to u rea (Mobley and Haus inger ,  

1 989) . Rosenste i n  et  al. , (1981) observed s im i la r  levels of u rease act ivity i n  

whole-cel l  and membrane d isrupted suspensions o f  Proteus species and concluded that 

the cel l  membrane did not present a permeabi l i ty barrie r  to u re a ;  however ,  u rea  

transport systems have been observed i n  other  bacte r ia, a lgae and fung i .  Fo r  e xample,  

evidence for an e nergy-dependent u rea permease was found for the bacter ia A lcaligenes 

eutrophus, Klebsiella pneumoniae, Peudomonas aeruginosa and Providencia rettgeri 

(Jahns et al. ,  1 988) .  No u rea transport system was observed i n  Proteus vulgaris and 

Bacillus pasteurii (Jahns et  al. , 1 988) .  The cyanobacter ia Anabaena doliolum and 

Anacystis nidulans (Rai  and S ingh ,  1 987) ,  the d iatom Phaeodactylum ( Rees and  

Syrett ,  1979 )  and the algae ChIarella fuesca (Syrett and Bekheet ,  1 977) have  e nergy 
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dependent u rea t ransport systems .  The A spergillus nidutans urea act ive t ra nsport 

system , with a Km of 30 11M u rea ,  is capable of concentrating u rea 50-fo ld over  the 

medium leve ls  ( Pateman  et at. , 1 982) .  I n  addit io n ,  A.  nidutans may a lso have an 

ene rgy- independent passive or  fac i l i tated d i ffus ion system for  urea transport 

( Pateman et  at. , 1 982) .  Saccharomyces cerevisiae also has two urea t ransport 

systems,  an energy-dependent ,  i nducible system with a Km of 1 4  11M u rea and  a 

const i tut ively produced faci l i tated d i ffusion system which is active at h ighe r  (0 .5 

mM)  u rea concen trations  (Cooper and Sumrada, 1 975) . S im i lar ly ,  Chtorella also has 

two urea t ransport systems (Syrett and Bekheet ,  1 977) . The u rea act ive t ransport 

systems for the bacter ia ,  cyanobacteria, fu ng i ,  diatom and yeast described above are 

subject to n itrogen repress ion and,  therefore ,  are expressed at h igher  levels under  

cond it ions of  n it rogen l im i tat ion .  

The u rease enzymes f rom many bacteria (for review see Mobley and Haus inger,  1 989 ;  

Kakimoto e t  at. ,  1 989 ;  Kakimoto et at. , 1 990 ;  H u  et  at. , 1 990 ; H u  and Mobley ,  1 990 ;  

Dunn  et at. , 1 990 ;  Evans et at. , 1 99 1 ; T h i rkel l  e t  at. , 1 989) and one  f i lamen tous 

fungus ,  Aspergillus nidutans (Creaser and Porter ,  1 985) have been purif ied and 

characte rized .  Ureases from many other  sou rces have been partia l l y  pu rif ied and/or 

characterized, inc luding the u rease from two other fung i ,  Ustitago viotacea (Ba i rd and 

Garber ,  1 98 1 ) ,  and Aspergillus tamari; (Zawada and Sutcl i ffe , 1 98 1 ) .  Ear ly 

pur if ication protocols  involved a series of  fract ionat ion steps us ing precip itan ts such 

as ammo n ium sulfate,  calc ium phosphate ,  acetone ,  and chlorofo rm (Sumner ,  1 926 ; 

Larson and Ka l l io ,  1 954 ;  M agana- Plaza et at. , 1 971 ) .  More recent procedures have 

i nc luded var ious chromotographic techn iques ,  o ften in addition to precipitat ions .  

Anion-exchange and hydrophobic chromatog raphy have been very useful  because 

u reases are negatively charged at neutral pH and more hydrophobic than many  

contaminant prote ins .  Therefore, they b ind more t ight ly to  an ion-exchange and 

hydrophobic resins ( Mobley and Haus inger ,  1 989) .  

Affi n ity ch romatog raphy has been used to purify u rease from a number of sources, 

with various  degrees of success. U rease binds specifical ly to long chain hydroxamic 

acids (Kobashi and Hase , 1 966 ; Hase and Kobash i ,  1 967 ;  Andrews et at. , 1 984) . 

Hydroxyu rea resembles the funct ional l igand g roup of hydroxamic acids ( Kobashi  a nd 

Hase,  1 966) , as wel l  as be ing  a competit ive i n h ibitor  of u rease i tself  (Andrews et at. , 

1 984) ,  and for th is reason it has been  used as a ligand fo r affin ity pu rificat ion of 

urease (Wong and Shobe, 1 974 ; Shobe and B rosseau , 1 974 ) .  Hydroxyu rea

subst i tuted aff in i ty resi ns have been very usefu l  fo r the pu rif ication of  u re ase from 

some organisms (Morganella morganii and jack bean , Wong and Shobe ,  1 974 ;  
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Brevibacterium ammoniagenes, Nakano et  al. ,  1 984 ; Lactobacillus reuteri, K ak imoto 

et  al. , 1 989 ;  L actobacillus fermentum, Kakimoto et  al. ,  1 990) ,  of  some use with other 

o rgan isms (Aspergillus nidulans, Creaser and Porter ,  1 985 ; Ureaplasma 

urealyticum, Saada and Kahane ,  1 988) and of very l i t t le  use for the  pu rif icat ion o f  

u rease f ro m  bovine rumen ( Mahadevan et al. , 1 977) or Bacillus pasteurii (Ch ris t ians 

and Ka l twasser ,  1 986) .  A u re a-subst i tuted aff i n ity resin was successfu l ly  used to 

pu rify j ack bean urease (Mendes et al. , 1 988) .  An affin ity res i n  subst i tuted wi th 

ant i -u rease antibodies was very useful for the pu rification of  u rease f rom Ureaplasma 

urealyticum ( Precious et al. , 1 987) . A l though j ack bean urease was the f i rst enzyme 

ever crysta l l ized (Sumner ,  1 926 ) ,  on ly one  othe r  u rease has s ince been c rystal l ized , 

and then on ly low levels of activity were recovered (Providencia rettgeri, M agana

P laza  et al. ,  1 971 ) .  

3 .2  Urease Structural Properties 

Bacte r ia l  u reases g enera l ly  have two o r  three d iffe rent subun i ts .  The  three-subun it 

u rease enzymes have one  large  (a.) and two smal ler  (� ,  y) subun i ts with s izes 6 1 ,000 

to 73 ,000 , 8 ,000 to 1 7 ,000 and 6 ,000 to 1 1 ,000 , respective ly  ( Klebsie lla 

aerogenes, Selenomonas ruminantium, Sporosarcina ureae, Todd and Hausi nger ,  1 987 ; 

Ureaplasma urealyticum, Th irke l l  et al. , 1 989 ,  B lanchard , 1 990 ; L actobacillus 

reu teri, Kakimoto et al. , 1 98 9 ;  Lactobacillus fermentum, Kakimoto et al. , 1 99 0 ;  

Proteus mirabilis, Jones a n d  Mobley,  1 988 ;  Providencia stuartii, M u l roon ey e t  al. , 

1 98 8 ;  Morganella morganii, Hu et al. , 1 990) .  Two subun its o f  s izes abou t  62,000 to 

66,000 and 26 ,500 to 30,000 have been ident if ied fo r Helicobacter pylori ( Labig ne  

et  al. , 1 99 1 ; H u  and  Mobley , 1 990 ;  H awti n et al. , 1 990 ; Dun n  et  a l. ,  1 990)  and  

Helicobacter mustelae (Costas et  al. ,  1 99 1 ; Dunn  et al. , 1 99 1 ) .  E.  coli (Co l l i ns  and  

Falkow, 1 988)  and  Staphylococcus saprophyticus (Gatermann and Marre , 1 989 ; 

Gaterma n n  et al. , 1 989) u reases appear to have one large subun i t ,  Mr 67 ,000 -

70 ,000 ,  and perhaps a smal ler  subu n it Mr 47,000 - 48 ,000. A s ing le subun it has 

been reported for some bacter ia,  for example ,  Bacillus pasteurii (Ch rist ians  and 

Kal twasser ,  1 986) and Brevibacterium ammoniagenes (Nakano et  al. , 1 984) ;  

however ,  it i s  possible that addit ional  sma l l  subu ni ts were not ident if ied because they 

wou ld m igrate with the dye front on SOS ge ls contain ing less than 1 0  % acrylam ide . 

The enzymes from Ureaplasma urealyticum (Saada and Kahane ,  1 988) and 

Selenomonas ruminantium (Hausing er ,  1 986) were orig ina l l y  thought  to be s i ng le

subun i t  u reases u nt i l  they were exam ined on h igher percent  acry l am ide g e ls (Th i rke l l  

et al. , 1 989 ;  Todd and Hausinger ,  1 987 ) .  On ly s ingle-subun it u re ases have so far 

been observed for eukaryotes. The subuni t  size varies great ly between these ureases ,  
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for example ,  Mr = 90,770 for jack bean (by sequencing ,  Tak ish ima e t  al. ,  1 988) ,  Mr 

= 40 ,000 for Aspergillus nidulans (SDS-PAGE g radient ge ls 2 . 5  - 27% acry l amide ,  

C reaser and  Porter, 1 985) ,  Mr = 80 ,000 for  Ustilago violacea (SDS-PAG E 5 % 

acry lamide ge l ,  Baird and Garber, 1 98 1 ) .  The data fo r U. violacea m ust be t reated 

with caut ion because the polyacry lam ide g els used to determine the molecu la r  weight  

were low pe rcent acrylamide and smal l  subun its may have been missed. 

The native molecu lar weights of u reases have been typically determ ined by gel 

f i l trat ion . Agg regation of  enzymes and i n te raction with the f i l t ration m atr ix  h ave often  

g iven i naccurately h igh  va lues  fo r nat ive molecu lar  weigh t ,  especia l ly  fo r  the  ear l ier  

determinations .  These effects can be reduced by including 0 . 1  M NaCI i n  the e lut ion 

buffer (Jones and Mobley, 1 988 ;  Mobley and Hausinger ,  1 989) .  Most bacterial 

u reases have a native Mr between  200 ,000 to 250,000 (Brevibac terium 

ammoniagenes,  Providencia stuartii, Proteus mirabilis, Lactobacillus reuteri, 

Lactobacillus fermentum, Ureaplasma urealyticum, Bacillus pasteurii, Klebsiella 

aerogenes, ( fo r  deta i ls see above refe rences) , a nd Arthrobacter oxydans (Schneider 

and Kaltwasser,  1 984 ) .  Helicobacter species have consistently bee n  shown to have 

h ig h er molecu lar  weight u rease . Recent est imates are 380,000 ( D u n n  et  al. ,  1 990) ,  

5 1 0 ,000 ( H awt in  et al. , 1 990) , 535 ,000 ( D u n n  et al. , 1 99 1 ) ,  5 50 , 000 ( H u  and  

Mob ley ,  1 990 ) ,  600 ,000  (Evan s et aI, 1 99 1 ) and 625,000 ( Mobley et al. , 1 988) . 

H. pylori urease subun its appear to agg regate to form disc shaped structu res which 

may stack to form pairs or large r  four -d isc stacks (Aust in et aI. ,  1 99 1 ) .  These 

structures m ay explain the discrepancies observed in  the molecular weigh t  

determinat ions .  Morganella morganii (Hu  et al. , 1 990 ;  Mr = 590 ,000 ) and 

Staphylococcus saprophyticus (Gate rmann  et  al. , 1 989 ;  Mr = 420 ,000) u rease are 

also large .  

The subun i t sto ich iometry has genera l ly  been calcu lated from the re lat ive i n tens i t ies 

of the corresponding coomassie blue stained bands on polyacry lamide gels and the 

n at ive molecu lar  weight ,  the refo re, some inaccuracies may resul t  (Mobley and 

Haus inger ,  1 989) . The subun it sto ich iometry of u rease from Providencia s tuartii 

(Mu l rooney et al. , 1 988) ,  Klebsiella aerogenes (Todd and H aus inger ,  1 987) , and 

Proteus mirabilis (Jones and Mobley ,  1 988) is probably best  represented by 

(a 1 �2Y2 )2 .  The subun its of Lactobacillus urease (Kakimoto et al. ,  1 989 ;  Kakimoto et 

al. ,  1 990) probably have a (ex 1 �2Y1 ) 2  sto ich iometry . Ureaplasma urealyticum 

subun i ts  appear to form a ex2�2Y2 hexamer  (Thirkel l  et al. ,  1 989) and the  two 

subuni ts of Helicobacter urease form a (ex 1 � 1 ) 6  enzyme (Hu  and Mobley , 1 990 ; D u n n  

e t  al. , 1 99 1 ) .  Jack bean u rease i s  a homopo lymeric hexamer  with n at ive Mr 590 , 000 
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(Andrews et  al. , 1 984) .  Aspergillus nidulans is a hexamer  with n at ive M r 240 ,000 

(Creaser and Porter, 1 985) . The n at ive molecular we ight for Ustilago violacea u rease 

is unknown .  

Nickel i s  probably an  essential componen t  of  u rease . No act ive u re ase enzyme has been 

identif ied that does not contain n icke l .  A mechanism for u rease act iv i ty that involves 

two nickel ions at the  active site has bee n  proposed and many u re ase i n h ibitors bind to 

n ickel ions  (Andrews et al. ,  1 984) .  I n cont rast ,  the adenosin e  tr iphosphate- and 

biotin - requ i ri ng  u rea amido-Iyase system u sed by many yeasts and algae to degrade 

u rea does not appear to requ i re n ickel  (Roon and Levenberg, 1 968 ;  Wh i tney and 

Cooper ,  1 972 ; Haus inger ,  1 987) . 

Jack bean u re ase contains two n ickel  ions per Mr 90,770 subun i t .  The  n ickel is 

t ight ly bou n d  (Andrews et al. , 1 984) a nd may be l igated by hist id ine  residues 

( Hasnain and P iggott, 1 983) . A doma in  contain ing the urease act ive site has eight 

h istid ine and one cysteine resid ues that a re conserved between  jack bean and bacter ia 

( Labig ne et  al. , 1 99 1 ; Takish ima et al. , 1 988) .  At low pH, i n  the presence of EDTA, 

the n icke l ion may be re leased and the resu lt ing loss of activity is proport ional to the 

amount  of n ickel removed (Andrews et  al. , 1 984) . A s imi lar  loss o f  n ickel  has been  

observed fo r Arthrobacter oxydans (Sch ne ider and  Kal twasser ,  1 984) and many other 

u reases are i nh ibited at  low pH (Todd and Hausinger,  1 989) . Nickel has been 

quantif ied in a few bacterial u reases. The  u reases from Klebsiella aerogenes (Todd and 

Haus inger ,  1 987) and Providencia s tuartii (Mu l rooney et  al. , 1 988 )  contain two 

n icke l ion s  per (X1 �2Y2 structu re (fou r  n ickel ions per nat ive e nzyme molecule) and it 

has been shown that one (X1 �2Y2 un it corresponds to a catalytic un i t  (Mobley and 

Hausinger ,  1 989). Therefore , two n ickel  ions may also be i nvolved a t  the active site 

o f  bacter ia l  u reases (Mobley and Haus inger ,  1 989) . 

N icke l  has not been directly demonstrated in fungal u reases ,  a l though  there is i ndi rect 

evidence fo r i ts presence . Hydroxamic acids competit ive ly i nh ibi t  u rease,  probably by 

bind ing to t he  n ickel ions at the active site (Andrews. et al. , 1 984) .  U reases from 

Aspergillus species (Zawada and Sutc l i ffe , 1 981 ; Creaser and Porte r ,  1 985) and 

Rhodotorula pilimanae (Ake rs,  1 98 1 )  a re i nh ibited by hydroxamic acids . Growth i n  

the absence of nickel , or in the presence of  n ickel chelato rs ,  can i nh ib i t  u rease 

act ivi ty.  For example ,  the g rowth of Arthrobacter oxydans and other bacteria on urea, 

and the u rease activity of  cel l-free ext racts, were inhibited by i nc lud ing  a strong 

che lator o f  n ickel (EDTA) i n  the g rowth medium (Sch neider and Kal twasser, 1 984) . 

Urease activity and g rowth on  u rea were resto red by the addit ion of n icke l .  Sim i lar 
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observat ions h ave been noted for fu nga l  u reases. N icke l is requ i red for u rea

supported g rowth of a Penicillium species (Hausinger,  1 987) . G rowth in the prese nce 

of E DTA can i nhibit active u rease product ion by yeasts and activity can be restored by 

the  addit ion of  n ickel (Booth and V ishn iac, 1 987) . Histid ine can che late n ickel and a lso 

i n h ib i ts u rease activ ity in Pro teus mirabilis (Rando et al. , 1 990) . I n h ibi t ion is 

reversed by the addi t ion of n ickel . I n h ibit ion of u rease activity by h istid i ne  has been 

observed for the fi lamentous fung i  Aspergillus tamarii (Zawada and  Su tcl iffe , 1 98 1 )  

and Aspergillus nidulans (Mackay and  Pateman , 1 982) .  M ackay and Pateman offer no 

explanat ion for the apparent i n hibit ion . Zawada and Sutcl i ffe sugg est that h ist id ine 

represses u rease synthesis,  a l though th is  was not specif ical ly tested. An alternative 

explanat ion i s  that h istidine  chelated avai lable nickel so that i nactive u rease was 

synthesized . The amount of n icke l present i n  unsupplemented m ed ia  can be l imi t i ng  

( Rando et  al. , 1 990) . Histid i ne  a lso  i nh ibi ts the  production of active n it rate reductase 

in Neurospora crassa (Premaku mar  et al. , 1 979) . Nitrate reductase is  a flavoprotein 

conta in ing both molybdenum and cytochrome b. I t  seems possible that h istid ine 

che lated essential metal ions so that i nactive ni trate reductase apoenzyme was 

produced. 

The mechan ism of i nsertion of  the n icke l cofactor in to u rease is  unknown ; however ,  a 

n ickel  t ransport system and other ce l l u la r  functions appear  to be requ i red for active 

urease product ion. Synthesis of i nactive u rease apoenzyme ,  l acking a n ickel 

component ,  has been demonstrated fo r p lants (Winkler et  al. , 1 983) , a lg ae (Rees and 

Bekheet ,  1 982) ,  bacteria, ( M u l rooney et al. , 1 989 ;  Lee et  al. , 1 990 ; Rando et a l. ,  

1 990 ) ,  cyanobacteria (Mackerras and Sm i th , 1 986) and purp le  s u lfu r  bacter ia 

(Bast ,  1 988) g rown in n ickel  defic ient  media .  Furthermore, the apou rease cou ld be 

activated by incubating whole cel ls i n  the presence of n icke l ,  even in  the absence o f  de 

novo prote in synthesis (see above refere nces) . This process was shown to be ene rgy 

dependent  ( Lee et al. , 1 990) .  Therefo re ,  a cel lu lar  factor appears to be necessary for 

n ickel  i nco rporation into u rease (Mu l rooney et al. ,  1 989 ;  Rando et  al. , 1 990 ;  Lee e t  

al. ,  1 990) . High affin ity e nergy -dependent  n ickel -specif ic t ransport systems, h ave 

bee n  described fo r bacteria, yeast and f i lamentous fungi (Haus inger ,  1 987 ;  Jahn s  et 

al. , 1 988) . M utation of the transport system can lead to a requ i rement  for a h igher 

n ickel  concentrat ion for  urease activity and may affect more than one nickel - requir ing 

enzyme, for example, u rease and hydrogenase (Eberz et al. , 1 989) .  The gene for a 

n ickel -specif ic transport system has been  cloned and sequenced (E i t i nger and 

F r i ed r i c h , 1 991 ) .  
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3.3 Urease K inetic Characterist ics 

The k inetic characterist ics for u reases from various sources have been  determ ined 

u nder  a variety of condit ions of p H ,  temperatu re, and buffer systems ,  therefore, 

k inetic com pa risons between di fferen t  u re ases must be made w ith caut ion .  The Km for  

urea of  bacte r ial ureases range f rom 0 . 1  m M  to g reater than 1 00 mM ( reviewed by 

Mobley and H ausinger ,  1 989 ;  Gaterman n et al. ,  1 989;  H u  and Mobley ,  1 990 ;  Dunn  et  

al. ,  1 990 ; Dunn et al. , 1 99 1 ; Eva n s  et al. , 1 99 1 ; H u  et al. , 1 99 0 ;  K akimoto et al. , 

1 989 ,  1 990) . The Km may refle
_
ct t he  e nv i ronmental u re a  conce ntrat ion for some 

o rgan isms ,  for exampl e ,  Helicobacter ( Campylobacter) pylori (Km 0 . 1 7 - 0 .8  m M )  

colonizes the  gastric mucosa a n d  must scavenge urea from seru m .  The  concentration of 

urea in  blood is 1 .7 to 3 .4 m M ,  therefore , a low Km is necessary fo r effic ient 

ut i l izat ion of  u rea by th is organ ism (Mobley et al. , 1 988 ;  Hu and M obley , 1 990 ;  

Evans  et al. , 1 99 1 ) .  U rease from Proteus mirabilis or Providencia s tuartii, two 

o rgan isms wh ich co lon ize the u ri na ry t ract , are 1 3  mM (Brei tenbach and Hausinger ,  

1 988) and 9 .3 mM (Mu l rooney et al. ,  1 988 ) ,  respective ly .  These enzymes would be 

satu rated at the high (400 m M )  u rea co ncentrat ions found i n  u rine (Mobley et al. , 

1 988) . The  Km values fo r the eukaryote u reases : jack bean (2 .9  m M ,  Andrews et al. , 

1 984) ,  Aspergillus nidulans ( 1 .33 m M ,  C reaser and Porte r ,  1 985)  a nd Ustilago 

violacea (2 .8  mM, Baird and Garber, 1 98 1 ) are al l  quite s imi lar .  T he pH optimum 

for bacter ia l  u reases is gene ra l ly i n  the range pH 7 .0 to  8 .0  ( Mobley and  Hausinger ,  

1 989 ) ,  a l though there are some u reases with optimum activity at more extremes of  

pH ,  for  example ,  pH 2 for  urease from Lactobacillus species (Kak imoto et al. , 1 989,  

1 990) and pH 8.7 for Spirulina maxima (Mobley and Haus inger ,  1 989) .  Jack bean 

u rease has an opt imum pH range of pH 7 .0 to 7.5 (Andrews et al. ,  1 984) .  The pH 

optimum of Aspergillus urease is between pH 8 .2  and 8 .7 (Zawada and Sutcl iffe ,  1 981 ; 

C reaser and Porte r ,  1 985) .  The e ffect of pH on enzyme stabi l i ty has been determ ined 

for some ureases. I rreversible inactivat ion below pH 4 to 5 was observed for u rease 

fro m  jack bean (Andrews et al. , 1 984) ,  Klebsiella aerogenes (Todd and Hausinger ,  

1 987 ) ,  Bacillus pasteurii ( Larson and Kal l io ,  1 954) and A rthrobacter oxydans 

(Schneider and Ka ltwasser ,  1 984 ) .  A h igh pH inactivation ,  above p H  1 0 , has been 

observed for K. aerogenes (Todd and H ausinger ,  1 987) , Proteus mirabilis 

(Brei tenbach and Hausinger ,  1 988) and Brevibacterium ammoniagenes (Nakano et at. , 

1 984) .  These last two u reases were i nactivated below pH 7 .0 .  

Other k inetic and structural aspects o f  m icrobial u reases h ave been rev iewed by 

Mobley and Hausinger ( 1 989) .  
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3 .4 Urease Genes 

The u rease genes from several bacter ia have been cloned: Ureaplasma urealyticum 

(B lanch ard and Bari le ,  1 989 ;  B lanchard ,  1 990) ,  Morganella morganii (Hu  et al. , 

1 99 0 ) ,  Providencia s tuartii ( Mobley e t  al. , 1 986 ;  M u lrooney e t  a l. ,  1 988) , 

Helicobacter pylori (Labigne et  al. ,  1 99 1 ) , Klebsiella aerogenes ( Lee et  al. ,  1 99 0 ;  

M u l rooney  a n d  Hausinger ,  1 990) ,  Escherichia coli (Col l i n s  a n d  Fa lkow , 1 988) , 

Proteus mirabilis (Walz et al. , 1 98 8 ;  J ones and Mobley, 1 988 ;  Jones  and Moble y ,  

1 989) , a n d  Staphylococcus saprophyticus (Gatermann a n d  Marre , 1 989 ; Gatermann 

et  al. , 1 989) . Comparison of  the predicted amino acid sequence of t he  cloned genes and 

part ia l  a mino acid sequence of  other pu rified ureases wi th the amino acid sequence of 

jack bean u rease (Takish ima et al. , 1 988) reveals s ign ifican t  ident i ty . For example,  

there are m any conserved residues between a) the 1 1  k i lodal ton po lypeptide of Proteus 

mirabilis u rease and the N-te rm ina l  sequence of jack bea n  u rease , b) the 1 2 .2 

k i lodal ton polypeptide of Proteus mirabilis u rease and internal  sequences of jack bean 

urease,  and c) the 61 k i lodalton polypeptide of Proteus mirabilis u rease and the C

term ina l  residues of jack bean urease .  Overa l l  58% exact matches and 73% exact p lus 

conservat ive replacements were observed (Jones and Mobley,  1 989 ) .  Alignmen ts 

have bee n  determ ined for Ureaplasma urealyticum ( Blanchard ,  1 990) ,  Morganella 

morganii (Hu  et al. , 1 990) ,  Klebsiella aerogenes (Mu l rooney and  Haus inger ,  1 990) 

and Helicobacter pylori ( Hu and Mobley , 1 990 ;  Evans et al. ,  1 99 1 ; Labigne et a l. ,  

1 99 1 )  u reases, with s imi lar resu lts . T h e  M. morganii urease data used for seque nce 

compar ison with was based on 1 0  (6 k i lodalton subu n it) or 1 5  (63 ki lodalton 

subun it) residues of N - termina l  amino acid sequence. No homology could be infe rred 

between the 1 5  ki lodalton M. morganii urease subun it and jack bean or P. mirabilis 

ure ase , but was apparent with the two other subun its . H. pylori u rease has two 

subun i ts .  Overall these subu n its have a h igh degree of sequence identity with the  th ree 

P. mirabilis (56% exact matches) and the single jack bean (55 .5% exact matches) 

urease subun its. Evolutionary re lat io n ships between these u reases have been 

suggested (Jones and Mobley ,  1 98 9 ;  Labigne et al. ,  1 991 ; Hu et al. ,  1 990 ;  Hu and 

Mob ley , 1 990 ) .  

S i x  genes  have been identif ied which are associated with u rease activity i n  

Staphylococcus saprophyticus (Gatermann and Marre,  1 989) , Providencia stuartii 

(Mu l roon ey et al. , 1 988) ,  Klebsiella aerogenes (Lee et al. , 1 990 ;  M u lrooney and 

Haus inge r, 1 990) and Proteus mirabilis (Walz et al. , 1 988) ; at least th ree more than  

are requ i red to  encode the  u rease e nzyme subun its. Helicobacter pylori probably 

requ i res at least four genes for activity (Labigne et al., 1 99 1 ) ,  two more than n eeded 
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to e ncode the u rease subun its . S im i larly ,  four genes are requ i red for Aspergillus 

nidulans ( Mackay and Pateman ,  1 982) and Neurospora crassa ( Haysman and Howe, 

1 97 1 ; Benso n  and Howe, 1 978) u rease activity. The fou r  A. nidulans genes code for 

the s ing le  s ubun it u rease , a u rease transport protei n ,  a product i nvolved i n  the 

synthes is or  i ncorporation of  the  n ickel cofactor and a product of unknown funct ion 

(Mackay and Pateman , 1 982) . If N. crassa also has a s ing le subuni t  urease, then it too 

has seve ral genes cont ribut ing to other aspects of u rease functio n .  Furthermore, two 

urease genes of soybean are known to be involved in u rease maturation (Meyer

Both l i ng  et al. , 1 987) .  The accessory genes requi red fo r u rease activity i n  

K.  aerogenes are n ecessary for incorporat ion of  the n ickel cofacte r and can act i n  trans 

when  suppl ied on a plasmid separate from the u rease subun i t  genes (Mu l rooney and 

Haus inger ,  1 990). I t  appea rs that general ly one o r  more genes may be required for 

u rease matu ration as we l l  as  for o ther  u rease-related functions .  U rease maturat ion 

fun ctions  cou ld inc lude the synthesis and/or i ncorporat ion of  the n ickel cofactor and 

pe rhaps the assembly of the mu lt ip le subu nit complex .  Other functions may incl ude 

reg u lat ion of u rease synthesis and u rea and nickel transport. 

The expression of cloned urease g enes has been investigated for Proteus mirabilis 

(Jones and Mobley , 1 988) , Klebsiella aerogenes (Mu lrooney et  a/. , 1 989) and 

Providencia stuartii (Mu l rooney et al. , 1 988) . The genes fo r al l  bacter ia tested were 

transcribed as a s ing le po lycistro n ic m RNA. P. mirabi/is was regu lated by urease 

induction .  Regu lato ry seque nces were identif ied upstream of the P. mirabilis subun it 

gen es wh ich confe rred regu lat ion i n  a manner  cons istent with the classic " lac operon" 

model  fo r Escherichia coli. The K. aerogenes urease genes were regu lated by nitrogen 

repression and the P. stuartii genes were regu lated by both u rea induction and n it rogen 

repress io n .  

3 .5 Urea breakdown i n  Saccharomyces cerevisiae 

Saccharomyces cerevisiae does not have a u rease enzyme.  Urea is broken down by two 

separate enzymatic activit ies ,  co l lect ively cal led u rea amido- Iyase (Whitney and 

Cooper ,  1 972) .  The f i rst of these activit ies i s  urea carboxylase (u rea :  C02 l igase EC 

6 .3 .4 .6 ) ,  which catalyzes t he  carboxylat ion of u rea to  a l lophanate . Th is reaction 

requ i res ATP and biot i n :  

u rea carboxylase 
Urea + ATP + HC03 -------t.. al lophanate + ADP + Pi 

M 2+ + g K 
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The second reaction is the hydrolysis of a l lophanate and is catalyzed by allophanate 

hydro lase (a l lophanate amidohydro lase EC 3 .5 . 1 . 1 3) .  

al lophanate 
Allophanate + H 2 0 ---'----... � 2NH 3 + 2C02 hydrolase 

U rea carboxylase has a h ig h  affi n ity for u rea (Km = 0 .4  mM)  and  C02 (Km = 1 m M )  

(Cooper ,  1 982) .  There is no net production or  consumpt ion of  C02 i n  the overal l  

react io n .  The  fi rst react ion i s  the  rate - l im it ing step (Whitney and Cooper ,  1 972) .  A 

s ing le gene  (Dur1 ,2) encodes ure a  carboxy lase and al lophanate hydrolase. Both 

enzyme activit ies are associated with a s ingle monomeric 204 k i lodalton po lypeptide 

(Sum rada and Cooper,  1 982) . 

Pur ine catabolism in  S. cerevisiae occurs by the same series of reactions as i n  

S .  pombe ( Figure 1 ) , except that u rea i s  deg raded a s  described above . U rea can also be 

formed by arg in ine catabo l ism . Arg i n ine hydrolys is ,  catalyzed by arg inase,  produces 

orn i th ine and urea. Ornith ine is deg raded via a pro l i ne  degradation pathway. Arg in i ne  

and pur ine catabol ism are  contro l led by  inducer exclus io n ,  m etabol i te-specific 

i nduction ,  and  n i trogen repression (reviewed by Cooper, 1 98 2 ) .  I nducer exclusion 

reg u lates enzymes by blocking the  ent ry of an i nducer o r  metabol i te i n to the ce l l .  

Metabol i te induction i s  t he  specific induction o f  enzymes and  t ransport systems by  a 

m etabol ite . N i t rogen repression reduces the catabo lic enzyme levels and/or t ransport 

activity fo r a poor n i t roge n  source when cel ls are provided wi th a h igher  qual i ty 

n it rogen  source, such as ammon ium . Arginase is i nduced by a rg in ine  and orn i th ine and 

repressed by ammonia and most amino acids, except those which cannot be used as 

n itroge n  sou rces (Large,  1 986) .  Al lophanate is an  inducer of  the active t ranspo rt of  

u rea ,  a l lan to inase, ure idog lyco l lase ,  u rea carboxylase and a l lophanate hydrolase 

(Larg e ,  1 986) .  These enzymes and transport systems are also control led by n it rog en  

repression and are , therefore ,  repressed by  g rowth on qua l ity n it rogen  sources such  as 

seri ne ,  asparagine and g l utamine (Large ,  1 986) . A l lophanate i s  deg raded five t imes 

faster  (by a l lophanate hydro lase activity) than i t  is formed (by u rea carboxy lase 

activ ity ) .  The refore , the u rea degradative enzymes wi l l  be i nduced on ly if the 

conce nt ration of an appropriate precursor increases and rema ins  above a threshold 

leve l .  This s i tuation would on ly ex ist under condit ions of  n it rogen starvation, when 

arg i n i ne  would be released from vacuo les ,  o r  if arg in ine o r  a l lan to in i s  present (and 

metabol ical ly effici ent n i t rogen  sources absent) , i n  the g rowth medium (Cooper,  

1 9 8 2 ) .  
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Fig u re 1 

Pathway of puri ne  catabol ism in Schizosaccharomyces pombe. 
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3 .6  Schizosaccharomvces pombe urease 

Urease activity i n  S. pombe has been studied on ly for taxonomic purposes (Sen and 

K omagata,  1 979 ;  Booth and V ishn iac ,  1 987 ;  Kockova-K ratochvi lova et al. ,  1 985) o r  

a s  part of a study on  pur ine catabo l ism (K inghorn and F l u ri ,  1 984 ; F luri and 

K ing horn ,  1 985b) . The  pathway of pur ine catabol ism i n  S. pombe (Ki nghorn and 

F l u ri ,  1 984) and the  f i lamento u s  fung i  ( Dar l ington et  aI. , 1 965 ; Scazzocch io and 

Dar l ingto n ,  1 968) involves t he  seque nt ial  act ion of  t he  fo l lowing enzymes : ur icase ,  

a l lan to i nase , a l lantoicase ,  ure idoglycol lase , a nd u rease ( Figure 1 ;  F lu ri and K inghorn ,  

1 985a) . These enzymes are control led by n itrogen  repression and metabolite 

i nduction .  For S. pombe, u ricase, a l lanto inase, a l lan toicase and u re idog lyco l lase are 

i nduced by their pur ine metabol ic precurso rs.  Specif ica l l y ,  u ricase is induced by u ric 

acid ,  a l lan to inase by a l lan toic acid (and perhaps a l lan to i n ) ,  a l lanto icase by a l lanto ic 

acid, and ure idoglyco l lase by u reidoglycol l ic acid . Thus ,  i nduction appears to occur  i n  

a sequent ial manner (F l uri and  K inghorn ,  1 985a) .  The all2 gene is requ i red for t he  

i nduction of these enzymes (F lu ri and K inghorn ,  1 985b) . I nduct ion ,  a t  least fo r 

u ricase, is by an i ncrease i n  the l evel of transcr ipt ion (F l u ri and Kinghorn ,  1 985b) . 

U rease activ ity is not induced, but remains at con stant h igh levels irrespective of the 

n it rogen  source. Urea does not  induce any of the purine catabol ic enzymes.  I nduction 

in the fi lamentous fung i  differs from S. pombe. In fi lamen tous fung i ,  a l lantoinase and 

a l lanto icase are both induced by uric acid and a l lanto in , rather than a l lan to ic acid, and 

u re idog lyco l lase is  const i tut ively active (Scazzocchio and Darl ington ,  1 968 ;  Re ine rt 

and Marzluf ,  1 975) . U reidog lycol lase in S. pombe is h igh ly  regu lated . Pur ine 

catabol ism is a lso regu lated by nitrogen repression .  In S. pombe, uricase and 

u re idog lycol lase activ it ies are strong ly repressed by a m mon ium ,  but u rease activity is 

u naffected ( F lur i  and K inghorn , 1 985a) . In Aspergillus nidulans , the activity of a l l  of 

the pur ine deg radat ion enzymes ,  i ncluding u rease, i s  repressed by ammon ium 

(Scazzocchio and Dar l ingto n ,  1 968) . U rease and ure idog lycol lase are not subject to 

n it rogen  repression i n  Neurospora crassa (Re ine rt and Marz luf ,  1 975) . 

K inghorn and Flur i ( 1 984) iso lated 55 mutants of S. pombe, after mutagenesis with 

N- me thy l -N '- n i t ro- N-n itrosog uan id i n e ,  that were u nable to use hypoxanth ine as  a 

sole n i t rogen source .  27 of these mu tants specifica l ly  lacked u rease act ivity when 

permeabil ized cell suspensions  were assayed. The  remainder of  the mutants were 

deficien t  for u ricase act ivi ty (uro 1 mutants) ,  a l l anto i nase activity (a ll 1  mutants) , 

a l lan to icase activity (ala 1 m utants ) ,  o r  un ident if ied activ i t ies specifica l ly  affect ing 

hypoxan th i ne  (hyp) or  xanth ine (xan) degradation .  The u rease mutants were d ivided 

in to fou r complemen tation g roups (ure 1 ,  ure2, ure3, and ure4) , based on  the lack of  
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reco mbination between mutants.  The  ure 1 g roup had e ight  mutants designated ure 1 - 1 

to ure 1 -8 ;  ure2 had fou rtee n  mutants ,  ure2- 1 to ure2- 1 4 ;  ure3 had th ree m utan ts ,  

ure3- 1 to ure3-3 ;  ure4 had two m utants ,  ure4- 1 and ure4 -2. Apart from the  u rease 

activity assays of pe rmeabi l ized ce l ls  and the induction and n itrogen repress ion studies 

d iscussed above, no further work was reported on these mutants. 

4 AIM OF THE PRESENT STUDY 

Schizo saccharomyces pombe was considered to be a su itable o rganism from wh ich to 

isolate the genes contr ibut ing to the  urease functio n ;  however, the on ly data described 

for S.  pombe urease was the ident i fication of  urease m utants and the lack of i nd uction 

a nd n it rogen repression regu lat ion observed fo r th is  u re ase. Furthermore, o n ly one  

fungal  u rease ,  from Aspergillus nidulans, had previous ly  been purified . The  a im o f  

th i s  study was to  characterize S.  pombe urease, both biochem ical ly and  genetica l ly ,  and 

isolate the u rease genes. 
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MATERIALS AND M ETHODS 

1 M ICROBIOLOGICAL M ETHODS 

1 . 1 M icrob ial stra i ns 

The Schizosaccharomyces pombe and Escherichia coli strains used in th is study are 

l isted i n  Table 1 .  

1 .2 M.e.dla 

The media used for S. pombe and E. coli are described i n  Tables 2 and 3 .  

1 .2 . 1  Auxotroph supplements 

Amino acid and nucleotide supplements were added as the so lid fo rm to m edia before 

autoclav ing , or to the autoclaved medium using ster i le stock solut ions. Un less 

otherwise stated ,  stock so lut io ns of the amino acid supplements ( leuci ne ,  h istidi n e ,  

lys i n e ,  pro l i ne ,  arg in ine) were prepared a s  1 %  so lut ions i n  water a n d  autoclaved for 

1 5  m inutes at 1 2 1 °C .  The  uraci l stock solut ion was 0 .5% in water, and was 

autoclaved as above . The aden ine stock solut ion was 1 % in 1 N NaOH and f i l ter 

s te r i l i zed .  

1 .3 Strain maintenance 

1 .3 . 1  Schizosaccharomyces pombe strain storage 

S. pombe strains were frozen at -70 °C in YES contain ing 1 5% g lycero l ,  for long

term storage ( Moreno et  al. , 1 99 1 ) .  For  short - term storage (up to  seve ral months) , 

stra ins were kept as patches on YES plates or s lants at 4 °c (Moreno et al. ,  1 99 1 ) . 

Re- iso lation of stra ins from frozen stocks or patches was perfo rmed as described by 

Moreno et  al. ( 1 99 1 ) .  

1 .3 .2 Escherichia coli stra in storage 

E. coli stra ins were kept as frozen stocks at -70 °C in L broth contai n ing  1 5% 

g lyce ro l .  Short-term storage ( 1 -2 weeks) was as patches on  L plates at 1 8-25 °c .  

Fresh E. coli cu ltu res were revived from frozen  stocks every 3 months .  

1 .4 Growing S. pombe cells 

S. pombe cul tures were i ncubated at 30 °C .  Liqu id cu l tures were shaken o n  an o rbital 

shaker at 1 80 rpm . 
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Table 1 Stra ins of Schizosaccharomyces pombe , Escherichia coli and bacteriophage 

M 1 3 u sed in  th is study 

S t ra i n  Genotype 

Schizosaccharomyces pombe 
9 7 2  h- Wild type 

9 7 5  h+ Wild type 

ura4-D 1 8  h- and h+ 1 .8 kb de let ion of the 
who le ura4 gene 

lys 1 - 1 3 1  h- a n d  h+ lys 1 - 1 3 1  

ade6- 704 h - ade 6- 704 

1 2 2 leu 1 -32 his2-245 h+ 

1 3 1  leu 1 -32 h+ 

Source 

P. Th ur iaux 

P .  Thu riaux  

J .  Koh l i  

P .  Th ur iaux 

P .  Th ur iaux 

B .  D .  Ha l l  

B .  D .  Ha l l  

2 1 4 3 ade4 -3 1  lys 1 - 1 3 1  ura2- t\CYC 
1 0  h+ 

2 1  7 1  

2 1 7 3  

ure 1 - 1 

ure2- 1 

ure3- 1 

ure4- 1 

L H 1 6 2 

h- and  h + 

h- and  h + 

h- and h + 

h- and h + 

ade6- 706 fur1 -2 h+ ' 

ura 1 - 1 7 1 h is3 -23 7 
mat2- 1 02 ade 6-M2 1 0  

u re 1 - 1  

u r e 2 - 1 

u re 3 - 1 

u r e 4 - 1 

ure2- 1 leu 1 -32 h is2-
24 5 

X L1 - 1 A  to 0 (four  stra ins) ure 1 - 1  leu 1 -32 

X L2- 1  A to 0 ( four  stra ins) ure2- 1 leu 1 -32 

X L3- 1 A  to 0 ( fou r  stra ins) ure3- 1 leu 1 -32 

X L4- 1 A  to 0 ( four  stra ins)  ure4 - 1  /eu 1 -32 

t\CYC 

t\CYC 

R. F l u r i 

R .  F l u r i 

R .  F l u r i  

R .  F l u ri 

This study, mutagenesis of 
1 2 2 

Th is  study,  ure 1 - 1 h- x 
1 3 1  

Th is study,  ure2- 1 h - x 
1 3 1  

Th is  study,  ure3- 1 h- x 
1 3 1  

Th is s tudy ,  ure4- 1 h- x 
1 3 1  

• S. pombe strain 2 1 7 1  is described i n  the NCYC catalogue as also being arg 1 -230, 

however ,  the strain used in the present  study did not requ i re arg i n i ne  for g rowth .  
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Table 1 cont inued. 

S t ra i n  Genotype 

U L 1 - 1 A to 0 ( fou r  s t ra i ns) ure 1 - 1 leu 1 -32 ura4 -
0 1 8  

X U 1 - 1 A to 0 ( four  s t ra ins)  ure 1 - 1 ura4 - 0 1 8  

U L2- 1 A to 0 ( fou r  s t ra i ns) ure2- 1 leu 1 -32 ura4 -
0 1 8 

XU2- 1  a to 0 ( four  st ra ins)  ure2- 1 ura4 - 0 1 8  

U 1 - 1 A  to J ( 1 0  st ra ins)  ure 1 - 1 ura4 - 0 1 8  

U3- 1 A to J ( 1 0  st ra ins)  ure3- 1 ura4 - 0 1 8  

U4- 1 A to J ( 1 0  st ra ins)  ure4 - 1 ura4 - 0 1 8  

U L  1 ura4 -0 1 8  leu 1 -32 

X K 1 - 1 X ure 1 - 1 ly5 1 - 1 3 1  

X K 2 - 1  A ure2- 1 ly5 1 - 1 3 1  

X K 3 - 1  A ure3- 1 ly5 1 - 1 3 1  

XK4- 1 A and B (two stra ins)  ure4 - 1 ly5 1 - 1 3 1 

Source 

This study ,  X L1 - 1 A  x 
ura4-0 1 8  h -

This s tudy ,  X L1 - 1 A  x 
ura4-0 1 8  h -

This study,  X L2- 1 A  x 
ura4 -0 1 8  h -

This study,  X L2- 1 A  x 
ura4 -0 1 8  h -

This s tudy ,  ure 1 - 1 h +  x 
ura4 -0 1 8  h -

This s tudy ,  ure3- 1 h +  x 
ura4 -0 1 8  h -

This  s tudy ,  ure4- 1  h +  x 
ura4 -0 1 8  h -

This s tudy ,  ura4-0 1 8 h 
x 1 3 1 

Th is s tudy ,  ure 1 - 1 h+ x 
ly5 1 - 1 3 1  h -

This s tudy ,  ure2- 1 h +  x 
ly5 1 - 1 3 1  h -

This s tudy ,  ure3- 1 h +  x 
ly5 1 - 1 3 1  h -

This s tudy ,  ure4- 1 h +  x 
ly5 1 - 1 3 1  h -

2 7  



Table 1 conti nued 

S t r a i n  

Escherichia coli 
DH 1  

X L  1 - B l u e  

D B 1 3 1 8 

M C  1 0 22  

Bacte riophage M 1 3  
M 1 3K07 

Genotype Sou rce 

supE44 hsdR1 7 recA1 endA1 MUCC 
gyrA96  ( Na IR) thi- 1  relA1 

supE4 4  hsdR1 7 ( rk - mk+ ) Promega 
recA1 endA 1  gyrA96 thi 
relA 1 lac-

F' [proAB+ lacN lacZt. M 1 5 
T n  1 0 ( t  e t r) 1 

rec01 0 1 4  recA938 : :T n 9- Ea:C 
200 (cam R) hsdR2 zjj-
202 : :T n 1 0  

lacZt.M 1 5  strR MUCC 

insert ions i n  the  i n te rgen ic Promega 
reg ion : :  kanR and orip1 5A, 
mutant gene I I  

NCYC Nat ional Col lection of Yeast Cu l tures, I n stitute o f  Food Research ,  Norwich, UK .  

M UCC M assey Un iversity Cul ture Col lection ,  Palmerston North ,  New Zealand .  

EGSC E. coli Genetic Stock Center, Yale Un iversity , New Haven ,  Connecticut USA. 

Prom ega Corp . ,  Madison ,  Wisconsin ,  USA. 
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Table 2 .  S. pombe media 

Med ium 

Yeast extract 

Yeast extract + 
supplements 

Yeast extract + 
ph lox in B 

Ma lt extract + 
supplements 

M i n i m a l 
medi um 

M i n i m a l 
Ammon ium 

M in ima l  + 
ph lox in  B 

M i n i m a l  
hypoxan th i ne  

Name 

YE 

YES 

YEP 

MES 

M M  

M I NA 

M INAP 

M I NH 

Use 

Vegetative g rowth,  
i n h ibi ts co njugat ion  
& sporu la t ion 

Vegetative g rowth,  
i nc ludes 
supplemen ts for 
auxotrophes 

C hecking p lo idy 

Conjugat ion & 
sporu lation (genet ic 
crosses) . 

Vegetative g rowth 

Vegetative g rowth 

Selection of  d iploids 
for induced 
h aplo id izat ion 

Se lective for ure+ 
stra i n s ,  u re - wi l l  
not g row. 

Rec ipe/( R e ference)  

( Moreno et  al. ,  
1 9 9 1  ) 

( Moreno et  al. ,  
1 9 9 1  ) 

( Moreno et  al. , 
1 9 9  1 ) 

( Moreno et  al. , 
1 9 9 1  ) 

0 . 67% Difco yeast 
n itrogen base 
without amino acids ,  
2% g lucose 

0 . 1 7% Difco yeast 
n itrogen base 
without amino acids 
or ammonium 
su l fate, 1 % g l ucose, 
2 mM ammon i u m  (1  
m M  ammon ium 
su l fate) . (K ing horn 
and F l u ri ,  1 984) 

M I NA conta in ing 20 
mg ph lox in  B (Gu rr) 
per l i te r  

M I NA wi th  2 m M  
hypoxanth i ne  i nstead 
of ammon ium 
su lfate .  ( K i ng horn 
and F l u ri ,  1 984 ) 

Notes 

D i fco yeast 
e xt ract 

aden ine 
l y s i n e  
u ra c i l  
l euc ine  
h i s t i d i n e  
inc luded at 
5 0 - 2 5 0  
11 9 / m  I 

2 9  

YES + 20mg 
ph lox in B 
( G u r r ) p e r  
l i t  e r 

Supplements 
as for YES 



3 0  

Table 2 Cont inued 

Med ium Use R e fe re nce/rec ipe Notes 

I ndicator low I LG Test  for u rease 0 . 1 7% O ifco yeast 
g lucose activ i ty by rep l ica n itrogen base wi thout  

p l at ing or patch i ng  am ino  acids o r  
ammoni u m  s u l fat e ,  
0 . 2% g l ucose , 1 mM 
ammoni u m  s u l fate ,  
3% agar,  0 .0022% 
bromocresol g re e n ,  
pH adjusted t o  4 .5 
with 1 M HC I ,  0 .2% 
urea added to 
autoclaved and cooled 
media from 1 0% 
stock so lu tio n ,  f i l t e r  
ste r i l i zed .  (Th i s  
s t u d y )  

I nd icator h i gh  IHG Test  for u rease I LG with 1 %  g lucose .  
g lucose act iv i ty by spread- (Th is s tudy)  

p lat ing ce l l  
suspensions  

Rapid urea RUH M i n ia tu r ized broth ( Booth and Vishn iac, 
h y d ro ly s i s test for u rease 1 9 8 7 ) 
b ro t h  a c t i v i t y  

F l u o rop h e n y l - FPA Used for induced MM conta in ing A l l  requ i red 
a lan i n e  h ap lo id izat ion 0 .05% m - supp lemen ts 

fluorophenyla/anine i nc luded 

Sol id media were made by adding 2% agar. Media were ster i l ized by auloc lav ing at 1 1 0 

°C for 20 m i n ut es. A l l  % are wlv. 



Table 3 E. coli media 

Med ium Name Use Reference 

L u r i a  L Vegetative g rowth (Sambrook et  a/. ,  
1 9 8 9 )  

R ecovery medium (Sambrook et a/. , 
af ter  e lectro - 1 9 8 9 )  
t ra n sfo rm at ion  

2 x s t re ngth 2 x YT G rowth of cel ls for (Sam brook et  a/. , 
yeast ex t ract s i ng le -st randed 1 9 8 9 )  
t ryp to n e  D N A  preparat ion 

from phagem ids 

Solid media were prepared by adding 1 .5% agar to the medium .  

Table 4 Ant ibiotics 

A n t i b io t ic  

A m p i c i l l i n 

T e t racyc l i n  

S t reptomyc in  

Kanamycin 

Stock so lut ion 

5 mg/ml i n  wate r ,  
f i l t e r  ste r i l i zed 

10 mg/m l  in  
methanol 

50 mg/ml 

50 mg/m l  i n  water ,  
f i l t e r  s te ri l ized 

Concentrat ion i n  medium 

1 00 Ilg/m l ,  u n less  
otherwise stated 

1 0  Il g/m l 

30 Ilg/m l 

50  Ilg/m l 

Antibiotics were added to autoclaved media cooled to below 55 °C .  
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1 .5 Growi ng E. coli cells 

E. coli cu l tu res  were incubated at 3 7  DC .  Liquid cu l tures were incubated in  con ical  

f lasks with a capacity five - t imes l arge r  than the l iquid vo lume and were shaken at 225 

r p m . 

1 .6 Aseptic technique 

Standard m icrobiolog ical tech n iques were u sed: a wire inoculat ing loop was u sed to 

streak plates ; cu ltures were patched on to plates using ster i le wooden toothpicks ; l iquid 

cu ltu res were spread onto so l id m edia us ing alcohol-ster i l ized g lass spreaders ; and 

steri l e  velvets were used for replica plati ng .  Di lut ion o f  E. coli and  S. pombe cel ls  was 

done in  0 .9% NaC!. S. pombe cel ls were cou nted using a hemacytometer.  

1 .7 F i lter steri l ization 

0 . 2  I1-m pore-s ize membrane fi l te rs were used fo r f i l ter ster i l izat ion .  

1 .8 Testing the phenotype of S. pombe stra ins 

Before any g enetic, bioche mical or molecular procedure was perfo rmed o n  a S. pombe 

stra in , the phenotype was tested .  Checked strains were stored as patches and used 

without further  test ing for up to two months .  

1 .8 . 1  Hap lo id/Dip loid 

S. pombe stra ins were streaked or replica plated onto YEP plates to check the plo idy,  as 

described by Moreno et al. ( 1 99 1 ) .  D ip lo id colon ies sta in  darker p ink than haploid 

colo n ies .  

1 .8 . 2  Mat ing  Type 

The presence of homothal l ic h90 was tested by exposing s ing le colonies on MES plates to 

iod ine  vapors (Moreno et al. , 1 99 1 ) . Sporu lating h90 co lon ies sta i n  b lack , non

sporu lat ing colonies stain l igh t  ye l low. The mating type of non-sporu lat ing 

h etero tha l l ic strains was determ ined by cross ing to h +  (975) o r  h - (972)  teste r 

strain s . The crosses we.re examined for the presence of spores and asci by microscopic 

exami nat io n or by exposu re to iodine vapors (Moreno et al. ,  1 99 1 ) .  

1 .8 .3  A u xotrophy and f luoro u raci l  resistance 

Stra ins  were tested fo r auxotrophic markers by rep lica plat ing or patch i ng co lo n ies 

onto m in ima l  m edium (MM or  M I NA) wi th and without the appropriate supplement 

(Moreno et al. , 1 99 1 ) .  R es istance to fl uo rouracil ( fur1 -2 mutants) was tested by 

patch i ng o nto m inimal mediu m  (MM or  M INA,  wi th requ i red supp lements) conta i n i ng  
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500 Ilg/m l  5 -f luorouraci l (S igma) . F luorouraci l was added to the a utoclaved m edium 

as the d ry powder. 

2 UREASE ACTIVITY TESTS FOR S. POMBE CULTURES 

S. pombe cu l tures were tested fo r u rease activity by the R U H  test , co lor reaction o n  

indicator plates o r  g rowth o n  M I N H  plates .  

2 . 1  RUH test. 

The R U H  test was done as described Roberts et at. ( 1 978 ) :  ce l l  m ass (eg . a large 

colony) was resuspended in 200 �tI of R U H  broth plate and i ncubated at 37 DC for four 

hours. A color change from straw to red o r  pink ind icates a posit ive reaction .  No color 

change ind icates a negative react ion .  Tests were done in 96-wel l  m icrotiter plates .  

2 .2 I ndicator plates. 

Colonies were replica plated or patched on to I LG plates and i ncubated at 30 DC for up to 

three days .  A positive reaction is ind icated by a color change of the g reen medium to 

blue.  No color change ,  or a change to yel low, indicates a negative react ion. 

Cel l  suspensions were spread on I H G  plates at a density of less than 200 cel ls pe r plate 

and incubated for 5 - 1 0  days. Color react ions around colonies were scored as for  the 

I LG ind icator medium . 

2.3 M I N H  plates 

M INH plates were streaked, patched or spread with cel l s ,  i ncubated at 30 DC and 

examined for growth .  Only urease-posit ive S. pombe strai ns wi l l  g row on  M I N H  

plates. 

3 S. POMBE GENETIC MAPPING 

The g en era l  g u idel ines suggested by Gygax and Thuriau x ( 1 984) were fo l lowed for the 

genetic mapping of the ure genes of S. pombe. Stra ins were first crossed to /ys 1 - 1 3 1  

h - and tetrads were exam ined for l i nkage to the mat ing type locus,  Iys 1 o r  a 

centromere,  as discussed below . 

3 . 1  Genetic crosses 

S. pombe strains of checked phenotype were patched onto YES plates ,  incubated for two 

days at 30 °C ,  then mated on MES plates at 25 °C,  as described by Moreno et al. 

( 1 9 9 1  ) .  
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3 .2  Tetrad D issection 

S. pombe asci from two days o ld crosses were dissected on  YES agar slabs using a Prior 

m icro m a n ipu lator, as described by M o reno et al. ( 1 9 9 1 ) .  

3 .3 Spore suspensions 

Suspensions of spores from S. pombe crosses were prepared as described by Gutz et al. 

( 1 9 7 4 ) .  

3 .4 Analysis of tetrad data 
3 .4 . 1 Genetic l inkage 

A zygote heterozygous at two loc i ,  Ala Bib can produce three types of asci , parenta l  

ditype ( P D) AB AB ab ab ; non-parenta l  d i type (NPD) Ab Ab aB aB; and tetratype (T) 

AB Ab aB abo If PD are s ign if icantly g reater than NPD ,  the two genes are l inked and a 

map distance can be calcu lated . The C h i -square test was used to test if P D  tetrads 

s ign ificant ly exceeded NPD .  L inkage was also confi rmed by the assignment of the ure 

genes to the i r  respective chromosomes by induced haploidizat ion (see be low). The 

relat ive frequencies of the three tetrad classes were used to calcu late the genetic m ap 

d istances accord ing to the  fo rmu la  of Perk ins ( 1 949) : 

Xp = 50 (T  + 6 N P D)/( P D + N P D +  T) 

and were corrected for mul t ip le crossovers over long genet ic d istances as described by 

M un z  et  al. ( 1 989 ) .  I n terfe rence was assumed to be absent  (Munz  et  al. ,  1 989) .  

3 .4 .2  L inkage to a centromere 

L inkage to a centromere was determ ined by taking advantage of the c lose l inkage of  Iysl 

to the cent romere of chromosome I (Koh l i  et al. , 1 977) . I f  two un l i nked genes are 

n ear their respective centromeres ,  tetratype asci wi l l  o n ly occur  if there has been a 

c rossover between at least one of the genes and its centromere.  Linkage to a 

centromere is indicated by a parenta l  d itype:non-paren tal d i type : tetratype ratio o f  

1 : 1 :<4.  The frequency o f  tetratype (T) asci is related t o  t h e  second divis ion 

segregat ion frequencies, w and y ,  of the two genes by Perk ins  ( 1 949) equation :  

T = w + y - 3/2wy. 

I f  one of the genes is very close to the centromere, wh ich i s  true for Iysl, the 

frequency of tetratypes can be taken to approx imate the gene-centromere distance for 

the other gene (Mort imer and Hawthorne ,  1 969) . The Ch i-square test was used to test 

if PD = N PD and , if the gene of  in terest and Iys 1 were not l i nked ( P D  = NPD) ,  the Chi

square test was used to determ ine  if T = 4 x (average of PD and N P D ) .  
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3 .4.3 C h romosome assig n ment  by i nduced haploidization 

The ure g enes were assigned to the i r  respective chro mosomes by induced 

haplo id izat ion ,  as descr ibed by Koh l i  et al. ( 1 977) . The mat2- 1 02 (prev ious ly  

mei 1 - 1 02) mutat ion was used to construct stable d iploids .  The mat2- 1 02 mutat ion 

abo l ishes the  abi l ity of  ce l ls to u ndergo  me iosis and sporu lat ion ( Ege l ,  1 973) . Zygotes 

of t he  composit ion mat2- 1 02Ih- or mat2- 1 021mat2- 1 02 form stable vegetat ive 

diploids and do not undergo m eiotic c rossover. These diploids can be exposed to m

fl uoropheny la lan ine to i nduce haplo id ization .  This t reatment i nduces nondisjunct ion of  

chromosomes during m itosis. Subsequent ly ,  chromosomes are spontaneously and 

successively lost ,  lead ing to the production of haploid seg regants (Koh l i  et  al. , 1 977) . 

The seg regation of the gene of in terest and marke r genes o n  each chromosome can be 

used to assign the gene of i n terest to a chromosome.  Stable diplo ids of the fol lowing 

compos it ion  were constructed by c ross ing ure- Iys 1 h- stra ins  w i th  stra i n  2 1 73 

( ma t2- l 02 ade6 ura l  his3) : 

[ysl + h - + + ure (ch romosome 
+ uraJ mat2 his3 ade6 + unknown) 

I I I  I I I  
Chromosome 

Stra ins  were crossed on M ES for 1 6  - 30 hours at 25 °C and examined m icroscopica l ly 

for zygotes. Zygotes were resuspended in 0 .9% NaCI and plated onto M I NAP.  Plates 

were e xam ined after 3 - 5 days i ncubation at 30 °C.  Al l  co lon ies were dark red, 

i ndicat ing they were d iploid. A co lony from each cross was spread across a FPA s lope 

and incubated for five days at 30 °C .  A suspens ion of cel ls from the F PA slope was 

plated o nto YEP and incubated for 4 - 5 days at 30 °C .  P lates contained a mixture of 

pink and red colon ies ,  represent ing haploid and dip lo id co lon ies ,  respectively.  For  

each dip lo id parent , 1 04 haplo id seg  regants were patched onto plates to  test fo r the  

Iys 1 ,  his3, ura 1 ,  and ure markers. Koh l i  et  al. ( 1 977) s uggest 1 00 segregants are 

suff ici en t  for th is  analys is .  For each ure- stra in ,  a Iys l ure- derivat ive  was crossed 

with 2 1 73 and two resu l t ing d iplo ids were independently haploidized giv ing a total of 

at least 206 haploid segregants per a nalysis (fo r ure4, the two d iploids were de r ived 

f rom two separate Iys l ure4 parent stra ins) . The Iys l ure- stra ins  used fo r these 

exper imen ts were X K 1 - 1  X ,  XK2 - 1  A ,  XK3- 1 A ,  XK4- 1 A and XK4- 1 B .  The seg regation 

of each marker gene and the ure gene were examined pairwise. The data were 

in terpreted ,  as described by Koh l i  et  al. ( 1 977) , accord ing  to the fo l lowing patterns:  

1 }  I f  the  four  possible genotypes are present in  rough ly equal  n umbers ,  independent  

seg regat ion is assumed and the markers are on different chromosomes. 
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2) I f  t he  two paren tal genotypes g re atly exceed the recombinants ,  jo int segregat ion , 

and thus l inkage, is assumed. 

3) Somet imes one parental and one recombinant class great ly e xceed the other c lasses .  

Th is  s it uat ion may arise if ch romosomal  nondisjunct ion occurred early i n  the  

outg rowth of  the zygote or one  a l le le  was specifical ly selected aga ins t ,  therefo re i t  i s  

consisten t  w i th  non l inkage.  Early m i totic crossover between two l i nked markers 

resu l t ing i n  homozygousity of o ne of them would also lead to th is s i tuation but is l ess 

l ike ly ,  e specia l ly because two zygotes were independently haploid ized and the /ys 1 and 

ade6  m arkers are closely l i nked to  the i r  respect ive centromeres (Gygax and Thuriau x ,  

1 9 8 4 ) . 

4) . O n e  parental class may g reat ly e xceed a l l  other c lasses .  Se lection against one  

a l l e le  and the concom itant loss  o f  a l i nked marker gene i s  consistent with th i s  pattern , 

therefo re l inkage is assumed.  

5) In  the  present study one fu rther pattern was observed :  one  recombinant c lass 

g reatly e xceeds al l  other classes .  Th is  sit uation can be expla ined by selection against 

a l le les of two genes and probably i nd icates nonl i nkage ,  a lthoug h it is di ff icult to 

confident ly  interpret . Although the presence of recombinants cou ld be taken to i ndicate 

non l inkag e ,  rare cases of m i totic recombinat ion resu l t ing i n  favo rable recombinant 

genotypes, cou ld conceivably o utg row the parental seg regants due to a selective 

advantage .  Fortunately data from other  haploidization experiments enabled 

chromosome assignments wi thout re ly ing on th is type of ambig uou s  data . 

The 2 x 2 cont ingency test was used to confirm i ndependent  or jo int  seg regation 

( C h atf i e l d ,  1 9 83) . 

4 PURIF ICATION AND CHARACTERIZATION OF S. POMBE UREASE 

4 . 1  Buffers for urease pu rif icat io n 

4 . 1 . 1  P E B  

P E B  buffe r was 0.02 M potass ium phosphate buffer system (K2H P 04/K H2 P04,  p H  

7.0) conta in ing 1 m M  EDTA a n d  1 m M  2-mercaptoethanol , a s  described by Wong and 

Shobe ( 1 9 74) . Sod ium azide (0 .02%) was rout inely added to this buffe r as a 

p reserva t ive .  

4 . 1 .2  P EBS 

PEBS was PEB contain ing 0 . 1  M NaCl ,  prepared by m ix ing the two buffer components 

contai n i ng NaCI unti l  the desi red pH (7 .0) was ach ieved . .  

3 6  



4 . 1 .3 0 .2 M PEBS 

0.2  M P EBS was PEB contain ing  0 .2 M NaCI ,  prepared as above. 

4 . 1 . 4  0 .35 M PEBS 

0 .35 M P EBS was PEB conta i n i ng 0.35 M NaCI ,  p repared as above.  

4 . 2  Urease assay 
Urease activity was measured by fo l lowing the re lease of ammo nia  from urea. A 

modif ied Berthelot reaction was used , as described by Wong and Shobe ( 1 974) .  Al l  

assays were done in  dupl icate o r  t rip l icate. The amount o f  ammon ia  released by u rease 

activity was determi ned by subtraction  of a reaction i n  wh ich the substrate (u rea)  was 

ommitted. Reagent blanks were prepared as described by Wong and Shobe ( 1 974 ) .  

The standard curves were l i near  (usua l ly  reg ression coefficien t  = 1 .00) over  the 

range 0 . 00 to 0.50 J.,lmol ammo n ia (absorbance at 625 n m  is 2 . 0  for 0 .5  J.,lmoles of 

a m m o n i u m ) .  

4 .3 Protein assay 
The concentration of prote in in so lu t ion was determ ined us ing the  coomassie b lue dye 

b ind ing method of Bradford ( 1 976) ,  fo r protein concentrat ions between 20 to 200 

J.,lg/ml .  5 ml of reagent was added to 0 .5  ml of sample and the assay performed as 

descr ibed by B radfo rd ( 1 976) . For lower prote in concentrat ions  ( 1 0 to 50 J.,lg/m l) 

. the modif ied dye-binding assay described by Spector ( 1 978) was used : 0 .5  m l  of  

reagen t  was added to 0 . 1  m l  of  protein solution .  For  a l l  assays, bov ine serum albumin  

( BSA fract ion V, Sigma) was used to prepare the  standard curve . The ext inction 

coeffic ient of BSA ( E 280 = 6 .6) was used to determ ine the concentration of the BSA 

standard solut ion. The co lor react ion fo r a l l  assays was stab le after two min utes and 

for up to 30 minutes. A l l  determ inat ions were read with in th is t ime. 

4 .4 Preparation of S. pombe crude cel l extracts for urease purification 

1 .  Cel ls  from a stationary-phase cu lt u re in YES were h arvested by centrifugat ion 

(4000 g for 1 0  minutes at 4 O C ) ,  resuspended i n  about ha l f  the o rig ina l  vo l ume of 

. ice-cold water and recentrifuged.  Cel ls were kept at 0 - 4 °C fo r a l l  subsequent  

procedu res. 

2.  The ce l l  pe l let was resuspended i n  twice the pel let vo lume of PEB a nd d isrupted by 

two passages through a French press at a pressure of  9 ,000 pounds pe r square i nch . 

3 .  The d is rupted cel ls were centr i fuged at 1 1 0 ,000 g for one  hour  to remove a l l  cel l  

debr is ,  i ncl uding membranes,  if the crude extract was to be used direct ly ;  or  at 

3 1 , 000 g fo r 40 minutes if f u rthe r  pu rif ication was to be carr ied out .  
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4 .5  P reparation of jack bean u rease crude extracts 

One to th ree jack bean meal  tablets (BDH)  were crushed and resuspended in 5 - 1 0  m l  

P E B  a n d  incubated o n  ice for 1 5  m in utes. The suspension was centrifuged (5000 g for 

ten m inutes at 4 °C) and the supernatant was used as the crude u rease extract. 

4 .6 P reparation of affi n ity adsorbents 

4 . 6 . 1  Oxirane Hydroxyurea Agarose (OHA) 

Hydroxyurea was coupled to agarose via a bisox i rane (Su ndbe rg and Porath ,  1 974) . 

1 .  29  g of suction-d ried Sepharose 4B (Pharmacia) was activated with 

1 ,4-butaned io l  diglycidyl ether as described by Su ndberg and Porath ( 1 974) . 

2 .  The degree of activation was determined : a sample of ge l  corresponding to 0 . 1  g d ry 

weight  (est imated from the suct io n-dried gel  and confi rmed after  the analys is was 

completed) was removed , a n  equ iva lent weight each of sodium su lfite and sodium 

metabisu lfite was added to the ge l ,  a long with about 2 m l  of water  and the reaction was 

incubated overn ight with m ix ing by rotatio n .  The sample was washed twice with 

water ,  twice with 1 .0 N HC I ,  then f ive t imes with wate r .  The washed sample was 

resuspended in about 2 ml  water, about 0.5 g of NaC I  was added and then the gel was 

tit rated with 0 . 1  N NaOH .  0 .0589 m moles of NaOH neu tral ized the sample , the refore 

the degree of activation was 0 .589 mmoles/g dry ge l .  

3 .  The remainder o f  t he  activated ge l  was coupled to  hydroxyu rea :  0 .75 g of 

hydroxyu rea was disso lved in  1 0  ml wate r ,  the pH was adjusted to pH 1 1  with 1 N 

NaO H .  The suction-dried activated gel  was resuspended in  the hydroxyurea solut ion and 

i ncubated at 25 °C wi th  m ix ing by rotation for 60 hours .  

4 .  The coupled gel  was washed extensively with water befo re use.  The deg ree of 

subst i tut ion was dete rm ined by t i trat ion with 0. 1 N NaOH after  wash ing twice with 

0 . 1  N HCI and then five t imes with water .  The substitu t ion was 0 .57 mmoles 

hydroxyu rea/g dry weight of ge l . 

4 .6 . 2  Aminocapry l ic acid hydroxyu rea agarose (AHA) 

Capry l ic  acid was coupled to 1 , 1 ' -carbonyldi imidazole activated (Bethe l l  et  al. , 1 979)  

Sepharose C L6B ( Pharmacia) . Hydroxyu rea was then coupled to the capryl ic acid 

substituted agarose by a carbodi im ide-mediated reaction (C uatrecasas and Anf insen ,  

1 9 7 1 ) .  

1 .  40 g of suction-dried Seph arose C L6B (Pharmacia) was washed on a g lass fi l ter

fun nel several t imes with water and then solvent exchanged to 1 00% dioxane by 

wash ing  tw ice each with 1 00 m l  25%, 50%, 75% dioxane,  and f ina l ly five t imes wi th 

1 00 %  dioxane .  
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2 .  The dry weight of the ge l  was e stimated to be 2 .4 g and an equal weight of 

1 , 1 '-carbonyld i im idazole (CO l ,  S igma) was added to the ge l ,  wh ich was resuspended i n  

abou t  1 0  m l  o f  1 00% dioxane .  The reaction was incubated fo r two hours a t  room 

temperature with m i x ing by rotat ion .  

3 .  The ge l  was solvent exchanged back to  water by wash i ng twice each w i th  1 00 m l  

75%, 50%,  25% dioxane and f i na l l y  f ive washes with water .  

4 .  A g reater than 4 M excess of capry l ic  acid (moles capryl ic acid :moles COl g reater 

than 4 : 1 , 1 .68 g capryl ic acid) was dissolved in  20 ml  water ,  the pH was adjusted to 

pH 1 1  with 5 N NaOH and the solut ion was added to the suction-dried ge l .  The pH was 

maintained between pH 1 0 .5 and 1 1  and the gel was incubated at room temperature, 

wi th m ix i ng  by rotatio n ,  for 1 6  hours .  

5 .  The ge l  was washed five t imes wi th water .  The deg ree of subst i tut ion was estimated 

by t i t rat ion with 0 . 1  N NaOH exactly as described fo r measur ing the bisoxirane 

act ivat ion of agarose (above) .  The degree of substitu t ion was 0 .57 mmoles/g dry 

weig h t .  

6 .  A five molar excess o f  hydroxyurea (moles hydroxyu rea:mo les capry l ic acid g roups 

in the ge l  = 5 : 1 , 0.53 g hydroxyurea) was dissolved in 1 0  ml water, added to the  

suction -dried ge l  and the pH was adjusted to  pH 4 .7  w i th  0 . 1  N HC I .  A five molar 

excess  of  1 - e thy l -3 - (3-d i m ethy lam i nopropyl } -ca rbod i im ide ( E OC ,  1 . 4 g )  ( mo les 

EOC :moles caprylic acid g roups i n  the ge l= 5 : 1  }was dissolved i n  water and the pH was 

adjusted to pH 5 .0 .  The EOC solut ion was added dropwise to the st irred ge l .  The pH was 

mainta ined at pH 5.0 by the addition of 1 N HCI .  After the rapid pH change had subsided 

the ge l  was incubated for a fu rthe r  1 6  hours at room temperature with mix ing by 

ro ta t io n .  

7 .  The ge l  was washed twice with 1 N HC I  and then five t imes with water and used. 

4 .6 .3  Ethy lenediam ine-ethy lened iamine  hydroxyu rea agarose ( E HA) 

This affin ity res in  is essent ia l ly the same as the H I 1 6 -Hu H  adsorbent described by 

Shobe and Brosseau ( 1 974) . Hydroxyurea is coupled to agarose via a 1 6  atom side 

chain consisti ng of two ethy lened iamine residues l i nked togethe r  with a succinyl 

resid u e .  

1 .  T h e  matrix was prepared a s  described b y  Shobe a n d  B rosseau except that the 

agarose was activated by C O l  as described above fo r AHA, rather than activat ion by 

cyanoge n  bromide, and Sepharose C L6B ,  rather than Sepharose 4B ,  was used. 

2 .  The degree of activation of the matrix, determ ined as described for AHA, was 1 .08 

mmo les/g res in  (dry ) . 

3 .  The deg ree of ethy lened iamine-succ inate-ethy lenediamine-succi nate subst i tut ion 

of the agarose, measured by t i t rat ion with 0 . 1  N NaO H ,  was 0 .23 m moles/g and the 
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rapid pH change during the coupl ing of hydroxyurea to th is  spacer arm indicated good 

subst i tut ion of the matrix had occu rred . 

4 . 6 .4 Subst i tut ion of the affi n ity res ins with hydroxyu rea .  

The  deg ree of substi tut ion of  the  affin ity resins with t he  ox i rane ,  aminocapry l ic  acid ,  

o r  ethy lene diamine a n d  succ i n ic anhydride was determ ined b y  t i tration (above) . The 

rapid pH change observed when hydroxyu rea was reacted wi th the  res ins i n  the 

prese n ce o f  1 - e thy l -3- (3 -d i m et hy lam inopropy l ) - carbo d i i m ide i nd icated t h e  

coup l i ng reaction had occurred .  E ach resin was further  tested for subst i tut ion with 

am i ne  de rivatives us ing the 2 , 4 , 6 - t ri n i trobenzenesu lfo nate-bo rate color test ,  as  

described by Cuatrecasas ( 1 970) . The AHA and EHA res ins  turned an intense o range 

color ,  implyi ng very good substitu t ion with hyd roxyurea .  The color reaction fo r the 

EHA resin cou ld also have been caused by the presence of free amino g roups of ethy lene 

that escaped succinylation and fu rther  reaction .  The co lor  development for OHA was a 

less i n tense o range , indicati ng substitution may not have been as good as the othe r  

res ins and may  be be low the va lue  determined by  t itrat ion (above ) .  

4 .7  Purification of S. pombe urease 

U rease from S. pombe crude e xtracts was purif ied by acetone  precipitation ,  fol lowed 

by ammon ium su lfate precip itation ,  D EAE ion exchange co l umn  chromatography, and 

sometimes Mono-Q ion exchange F P LC as a final step. 

4 . 7 . 1  Acetone precipitat ion 

Acetone  precip itation was carr ied o ut on crude ext racts accord ing to the genera l  

g u ide l i nes s uggested by Scopes ( 1 987) for  solvent precipitations .  The pH of crude 

extracts was adjusted to pH 7 with a few d rops of 3 N K O H ,  as required , and the 

fo l lowing acetone cuts performed : 0 -40% ,  40-50%, 50-60% acetone.  The 

temperature of a l l  materials was m ai ntained at  0 - 2 °C , acetone  was added over a 

period of 1 5  - 30 minutes,  and ex t racts were stirred a fu rthe r  1 5  m inutes after  

acetone addition was completed. Precipitated prote ins were recovered by 

centr i fugat ion at 20,000 g for ten m in utes at 0 °C and d issolved in  PEB (8 m l  per 

l i ter  start i ng  cu l ture to g ive a prote in  concentration of about  5 mg/m l ) .  Each fraction 

was assayed for urease act ivity and prote in content .  D ia lys is  against PEB did not affect 

the specific activity of red isso lved u rease and, therefore , was not rout inely done.  The 

most active fraction (usual ly the  50-60% cut ,  somet imes the 40-50% cut) was used 

for ammon ium su l fate precipi tat ion .  

4 0  



4 .7 .2  Ammon ium su lfate precipitat ion 

Ammon ium su l fate precipitation was carried out fo l lowing the g u idel ines suggested by 

Scopes ( 1 987) .  Al l  mater ia ls and extracts were mainta ined at 0 - 2 °C,  a m mo n i u m  

su l fate w a s  added over a pe riod o f  1 5  - 3 0  min utes , a n d  extracts were st irred a 

fu rther  1 5  m inu tes after ammon ium su l fate addit ion was completed . The ammon ium 

su l fate cu ts  u sed were 0-35% and 35-45% satu rat ion w i th  ammon ium su lfate . 

Precip itated prote ins were recovered by centri fugat ion at 20 ,000 g for ten  m i nu tes at 

o °C .  Enzymes are genera l ly  very stable when stored as ammon ium sulfate pel lets 

(Scopes, 1 987) .  For some large scale purificat ions ammon ium su l fate precipitated 

prote ins were stored at 4 °C fo r up to one week unt i l  furthe r  purification on  pooled  

samples cou ld be  done. No diffe rence was observed i n  the  u rease activity o f  stored 

pel lets compared to fresh ly  prepared pel lets. Ammonium su l fate pe l lets were 

resuspended in  0.66 ml PEB per l i ter start ing cu l ture and d ia lyzed with P E B  un t i l  a l l  

detectable ammonium was removed. Al l  samples were assayed for protein con tent and 

u rease activ i ty.  Most  u rease was present i n  the 35-45% cut .  

4 .7 .3  D iethy laminoethy l  ( D EAE) Sepharose ion exchange 

A l l  procedu res were carried ou t  fo l lowing the manufacture rs gu ide l ines (pharmacia 

handbook " I on  exchange chromatography : principles and methods") . The D EAE

SepharoseM (Pharmacia) gel bed (8 cm x 1 .6 cm , 1 6  ml total vo lume) was prepa red 

in a g lass co lumn ( Pharmacia) . The resin was equ i l ibrated in PEB.  The urease sample 

was appl ied to the column  and end pieces were fitted to m in im ize disturbance of the  ge l  

bed . The colu mn was washed wi th several co lumn vo l u mes of PEB conta in ing 0 .2 M 

NaCI (0 .2 M PEBS) and then the u rease was e lu ted with a l i near NaCI grad ient  of 0 . 2  M 

to 0 .35 M ( in  PEB) . The tota l vo lume of the gradient was at least s ix  t imes the vol ume  

o f  the  co l u m n .  Fractions  ( 2  m l )  were col lected and  assayed fo r u rease activity and 

prote in content .  Dia lysis against  P EB d id not affect the  specif ic activity of co lumn 

fractions so was not rout ine ly done .  The conductivity of fract ions was tested w i th  a 

R adiometer conduct ivity m eter  to confirm that the NaCI g radien t  was l inear .  A f low 

rate of  less than 10 ml per hour was maintained by g ravity or  a Masterflex™ 

(Co leman)  perista ltic pump and a l l  operations were perfo rmed at 4 °C .  The most 

active fract ions were poo led and then concentrated and desa lted by u l t rafi l t rat ion 

t h rough a XM 50 membrane (Amicon ) .  The fi l trate was mon itored for u rease activity 

to con fi rm that the enzyme did not pass through the f i l ter .  

4 . 7 .4 F P LC pu rification of u rease . 

FPLC was sometimes used as a fina l  pu rification step when the standard methods 

(above) d id not produce suffic ient ly pure urease . The concentrated and desalted 
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u rease , i n  PEB ,  was a ppl ied to a Mono Q H R  5/5 ion -exchange column (Pharmacia) 

equ i l ibrated with 0.2 M PEBS and e luted with a l inear NaCI g radient of 0 .2 M to 0.5 M 

( i n  PEB) . The  flow rate was 0 . 5  m l/min ute and a total vo l ume of 30 ml was used_ The 

absorbance at 280 nm was mon itored and fractions corresponding to absorbance peaks 

were col lected and assayed fo r u rease activity and p rote in  content .  

4 . 8  Ultraf i ltration of protei n  solutions 

Prote in  sol u tions were often concentrated and/or desa lted by u l trafi l t rat ion .  For  very 

sma l l  vo lumes ( less t han 2 m l )  a Cent r icon™ 30 apparatus  (Amico n ,  30,000 

molecular weight cutoff) was u sed according to the manufactu rers instruct ions .  For 

larger vo lumes ,  so lu t ion s  were u l t rafi l tered us ing Am icon u l t raf i l t rat ion cel ls and 

XM50 membranes (mo lecu lar  weight cu toff 50,000 ) ,  accord i ng to the manu facturers 

i nstruct ions . Solutions were desalted by several cycles  of d i l ut ion with buffer 

( usua l l y  P E B) and co ncentrat ion by u lt raf i l trat io n .  

4 . 9  Preparat ion of dialysis tubi ng 

D ialysis tub ing was prepared as described by Sambrook et al. ( 1 989 ) .  

4 . 1  ° Polyacrylamide gel electrophores is !pAGE) 

For both native (non -d enatu r ing)  and SOS (denatur ing and reducing)  PAG E the buffer 

system of Laemml i  ( 1 9 70) was used, except that sodium dodecyl su lfate (SOS) was not 

i ncluded in the loading bu ffe r ,  ge l  or  runn ing buffer fo r nat ive-PAG E .  Slab gels were 

used for a l l  PAGE.  Al l ge ls  were discont inuous, conta in ing a stacking ge l  as wel l  as the 

separating ge l .  The ge ls were prepared from a stock solut ion of acry lamide conta i n i ng 

30% total monomer and 2 .67% cross l i nk ing monomer.  Samples were loaded in  62 .5  

m M  Tr is - H C I  pH6 .8 ,  1 0% (v/v) g l ycero l ,  5% (v/v) 2 -me rcaptoe thano l ,  0 .05% 

bromophenol blue. Samples for SOS- PAGE also conta ined 2% SOS and were heated at 

9 5°C for 4 m i nutes imm ed iately befo re loading . The man ufacture rs g u ide l ines (B io 

R ad Protean™ I I  apparatus handbook) for  preparing and runn ing gels were fol lowed. 

The Protean™ I I  (Bio -Rad) apparatus with 20 cm long plates was used for molecu lar  

we ight  determ inat!ons.  Molecu lar  weig hts of protei ns were determ ined by comparison 

to a standard curve of log molecular weight vs relat ive mob i l i ty . The Bio- Rad h ig h  MW 

S OS-PAGE standards (s izes 200 ,000 ,  1 1 6 ,250 ,  97 ,400 ,  66 ,200 ,  45 ,000)  and Bio

R ad low MW SOS- PAG E standards (s izes 97 ,400,  66 ,200 ,  3 1 ,000,  2 1 ,500 ,  

1 4 ,400) were used to  p repare standard curves.  
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4 . 1 1 Stain i nQ polyacrylam ide gels fo r protein 

Gels were stained fo r prote i n  us ing e ither Coomassie B l ue  R-250 (for p rotei n  

concentrat ions greater than 2 119 per band) o r  the s i lve r stain method (for p rote in  

concentrat ions as low as 1 n g  per  band) .  

4 . 1 1 . 1 Coomassie B lue  R-250 stain 

Ge ls  were stai ned for 1 /2 hour with 0 . 1 %  Coomassie B l ue R-250 in 40% (v/v) 

methano l ,  1 0% (v/v) acetic acid. Gels were destai ned in 40% (v/v) methano l ,  1 0% 

(v/v) acetic acid un t i l  the  background was uncolo red ( usua l ly 2 - 5 hours ) .  

4 . 1 1 .2 S i lver  sta i n  

A modificat ion o f  the method described by Morrissey ( 1 98 1 )  was used. Gent le 

ag itat ion and removal of  so lut ions by aspiration were used :  

1 .  Ge ls were pref ixed in  1 0% (v/v) acetic acid , 1 0% t r ichloroacetic ac id ,  30% 

(v/v) methano l  for 30 m i n utes .  

2 .  Ge ls were fixed fo r 30 m inutes i n  1 0% (v/v) g l utara ldehyde (Merck , e lectron 

m icroscopy g rade 25% so l u t ion) . 

3 .  The gels were r insed in  water for at least four  hours with at least five changes of 

wa te r .  

4 .  Ge l s  were soaked fo r  30  m inu tes i n  5 �g/ml d i th ioth reitol (OTT) . 

5 .  The  OTT solution was removed and,  without r ins i ng . replaced with 0 . 1  % s i lver 

n itrate fo r 30  minu tes .  

6 .  Gels were rinsed fo r a total o f  f ive minutes w i th  several changes of water. 

7. Gels were brief ly ri nsed twice with 40 m l  developer (3% sodium ca rbonate 

conta in ing 1 00 J.11 37% formaldehyde per 1 00 m l ) and then  soaked in developer unt i l  

the  desired leve l of sta in ing was atta ined.  

8 .  Development was stopped by adding a 1 /1 0  vo lume of 2 .3 M citric acid to the 

developer and ag itat i ng  for 20  m inutes.  

9 .  Gels were washed with several changes of water fo r 30 minutes, soaked in  0 .03% 

sodium carbonate fo r ten m i n utes and then r insed with water. 

Both s i lver stai ned and coomassie stained gels were photog raphed using Kodak TecpanTM 

( h ig h  con t rast )  fi lm . 

4 . 1 2 Urease activity stain fo r nat ive- PAGE gels 

U rease act ivity stains were done as described by de L lano et a/. ( 1 989) , with the 

fo l lowing modi fications :  ge ls  were soaked in  10 m M  2 -mercaptoethanol for 45 m i nutes 

( 1 5 m inutes x th ree changes)  rather  than 30 m inu tes ;  incubat ion i n  0 .25 M u rea was 
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fo r fou r  m in u tes, rather t han th ree m in utes;  M i l l i -OTM pu rif ied water ,  rat he r  than 

g lass d ist i l led water  was u sed. Th is  procedure al lows the detection of 0 .0 1 5  to  2 .500 

enzyme u n its per  band (de Llano et al. ,  1 989) wh ich corresponds to  5 to  850 ng 

protein fo r pure jack bea n  urease (de L lano et al. , 1 989)  o r  about 20  to 3 ,500 n g  for 

S. pombe urease (based on specif ic activity of 709 , R esu lts sect ion 3 .4 ) .  

4 . 1 3  Determ ination of protein molecular weight by gel fi ltratio n  

A Sepharose™ CL6B 2 0 0  (Sigma) g e l  bed was prepared i n  a g lass co l umn  ( 1 .6 c m  x 
1 00 cm,  Pharmacia) f i tted with end p ieces .  The res in was washed, resuspended, 

degassed ,  poured, equi l ibrated and run in  PEBS buffer at 4 °C (PEB conta in ing 0.1 M 

NaC I ) ,  us ing the procedu res suggested in the Pharmacia handbook - "Ge l  f i l tration :  

theory and pract ice" .  The  co lumn was e luted i n  a n  upward flow configu ration to reduce 

packing of  the gel  matrix. The packed gel bed d imensions were 1 .6 cm x 92 cm and 

remained unchanged throughout  the course of the experiments. A constant operat ing 

pressure of 1 00 cm of water was mainta ined by us ing a Mariotte f lask. Th is  pressu re 

is wel l  be low the m axim u m  recommended pressure (>200 cm ) for th i s  m atr ix 

(Pharmacia handbook - "Gel f i l trat io n :  theory and practice" ) .  The f low rate was 1 2  

m llhr ,  wh ich is less than the max imum rate recommended for dete rm inat ion of 

molecu lar  weight us ing C L6B 200 (S ig ma Tech nical Bu l l et in No. GF-3 ) .  The flow o f  

t he  co lumn was not stopped  from the  t ime t he  col umn was  pou red unt i l  the  end of a l l  

molecular weight determ inat ions.  The  co lumn was cal ibrated us ing t he  prote in 

standards in  the MW-GF- 1 000 kit (S igma) accordi ng  to the manufactu rers 

instruct ions .  The prote in standards suppl ied in th is kit were B lue  Dextran Mr = 

2 ,000 , 000 ,  Thy rog lobu l i n  M r = 669 ,000 ,  Apoferr it i n  M r = 443 ,000 ,  13 -Amy lase 

Mr = 200 ,000 ,  Alcohol  Dehydrogen ase Mr = 1 50 ,000 ,  A lbumin  Mr = 66 ,000 and 

Carbon ic Anhydrase Mr = 29 ,000 .  The e lu t ion vo lume (Ve ) o f  b lue  dextran,  

determined by monitoring the absorbance of fractions at 620 nm, was taken as the void 

volume (Vo) o f  the co lumn .  Each standard was separately run through the co lumn and 

the absorbance at 280 nm was used to fol low the e lut ion of the prote ins .  Al l  samples 

were dissolved in PEBS,  centrifuged at 1 3 ,000 g for f ive m inutes at 4 °e ,  adjusted to 2 

m l  vo lume and loaded onto the col umn .  Fractions (2 .04 ml )  were co l lected o nce the 

appl ied sample had reached the co lumn su rface . The amount of protein standard appl ied 

to the co l umn  was 1 0  - 1 6  mg for thyrog lobu l in ,  bov ine  se rum albumin  and 

apofe rrit i n ; 4 mg for carbon ic an hydrase ; 6 - 8 mg fo r a lcohol dehydrogenase and 13-
amylase ;  and 5 mg for blue dextran .  The total protein content of S. pombe u rease 

samples (crude extracts part ia l ly  pu rif ied by acetone p recipitat ion )  appl ied to the  

column was about 8 mg,  wh ich is below the recommended maximum of  70 mg/ml 

(Pharmacia handbook - "Gel f i l trat ion : theory and practice" ) .  S. pombe u rease 
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samples were loaded and fractions col lected,  as for the standards . Fractions were 

assayed i n  t r ip l icate fo r u rease activ i ty . 

4 . 1 4 Purification of pept ides by H igh Perfo rmance Liquid Chromatography (H PLC) 

Peptides were purif ied by reversed-phase HPLC us ing a HY-TACH C1 8 col u m n .  T h is 

co l umn  has a micrope l l icu lar  packing (2 �m d iameter beads) ,  w i th  overal l  d imensions 

of 75 x 4 .6 m m ,  therefore ,  i t shou ld  i rreversibly b ind less  m ater ia l  than t he  longer  

conve n tiona l  co lumns usua l ly used fo r peptide pu rif icat ion (D .  J .  Pol l ,  persona l  

comm un icat ion ) .  The fo l lowing chromatog raphy condi t ions were used : 

Buffer  A :  0 . 1 %  fo rmic acid i n  4 9 : 1  water :aceton i tr i l e .  

Buffer  B :  Same a s  buffe r A except that the ratio of wate r :aceton itr i le was 1 :9 .  

Grad ien t :  L inear, 0 - 1 00% Buffer B over 60 m in utes at 1 ml/m in ,  ( 1 00 - 0% 

Buffer A) . 

Detectio n :  Absorbance at 2 1 4 nm (wavelength of stro ng absorbance for the peptide 

bond ;  Scopes,  1 987) ,  sca le  max imum = 0 .4 .  

Temperature :  50  Q C .  

Chart speed : 200 m m/hr .  

Peaks corresponding to e luted peptides were co l lected i n  tubes and frozen .  

4 . 1 5 Protei n sequencing 

Purified proteins and peptides were sequenced by the sequent ia l  automated Edman 

degradation method wi th an  Applied BiosystemsD1 model  470A apparatus .  

5 .  POLYMERASE CHAIN R EACTION (PCR) AMPLI FICATION OF DNA 

5 . 1  Ol igo n ucleot ide pri mer  manufacture 

Ol igonucleot ides were pu rchased from Ol igos Etc. I nc .  (Gu i lford , Connecticu t) .  The 

o l igonuc leot ides were redisso lved in  water and used without further purif icat io n .  

5 .2  PCR ampli ficat ion of DNA 

The DNA Thermal Cycler apparatus (Perkin Elmer Cetus) was used for PCR 

ampl if ication of DNA.  Temperature cycl ing was by the "Step Cycle" prog ram and 

cycl ing parameters are g iven in  Resul ts 5 .2  and 5 .3 .  Taq po lymerase ( Promega) and 

the suppl ied buffer were used with 50 11M of dATP,  dCTP , dTTP,  and dGTP .  The 

concentrat ion of template D NA was 20 ng in  a 50 11.1 reaction volume, w hich 

corresponds to the optimum ( I nn is and Ge lfand, 1 990) of about  1 x 1 06 copies of t he  

genome ( 15  fg DNA per S. pombe cel l ,  Bostock, 1 970) .  Reactions were ove rla id w i th  

paraffin o i l  to reduce evapo rat ion and the  same set of we l l s  i n  the temperature block 
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was used fo r each experi ment  to reduce variation due to uneven heat ing of  the thermal  

cycle r .  1 0% (5 Il l )  of  each reaction was exam ined by agarose e lectrophoresis .  T h ree 

con tro ls were included i n  each PCR run :  a)  template D NA ommitted, b) one  pri m e r  

ommitted ,  c )  the other p r imer  ommitted .  

5 .3  Construction of T-vectors 

PCR products often have a non-template di rected s ing le base 3' deoxadenosine ove rhang 

which can be effic ient ly l i gated to a vector conta in ing a s ing le 3' thym id ine  base 

overhang (T-vecto r ;  Marchuk  et al. , 1 990) . T-vectors were made as described by 

March u k  et al. (1 990) . B rief ly ,  the vector is cut with an enzyme that  creates b l un t  

ends and  t hen  incubated with Taq  polymerase in  t he  usual PCR buffer conta in ing 2 m M  

dTTP (and no other nucleotides) for two hours at 70 oC .  Th is results i n  the  addit ion of 

a s ing le base 3' T overhang .  After phenol/chloroform extract ion and ethanol  

precipi tat ion the T-vector is u sed in l igat ions with ge l -purif ied PCR produ cts .  

6 GENERAL DNA MAN IPULATION TECHN IQUES 

6 . 1  Preparation of plasm id  DNA 

6 . 1 . 1  Sma l l -scale plasm id iso lat ion 

Smal l -scale (5 - 50 I1 g D NA) p lasmid isolations  were performed using a modif ied 

vers ion of the rapid bo i l i ng  method orig inal ly described by Holmes and Qu ig ley 

( 1 981 ) .  The procedu re o u t l i ned by Sam brook et al. ( 1 989) was used , with the  

fo l lowing changes: the DNA was precipi tated with 300 III isopropanol ,  rather  than 

420 Il l ,  sod ium acetate was not  used for DNA precipitat ion ,  and RNAase was not 

inc luded in the TE used fo r redissolv ing the DNA. 

6 . 1 . 2  Large-scale p lasmid isolat ion 

Large-sca le plasmid iso lat ions were done using the a lka l i - lysis method described by 

Sam brook et  al. ( 1 989 ) .  

6 .2 Purification of DNA 

6 .2 . 1  Ces ium chlo ride density g rad ien t  equ i l ibr i u m  centr i fugat ion .  

Equ i l ibri um centrifugat ion i n  CsCI -eth id i um brom ide g rad ients was  done  as descr ibed 

by Sambrook et al. ( 1 989 ) .  Eth id ium brom ide was removed by  extraction with 

1 -butanol  as described by Sambrook et al. ( 1 989) . 

4 6  



6 .2 .2  Phenol/ch loroform extract ion o f  DNA 

Phenol/ch lo rofo rm extract ion of DNA was  done as  described by  Sambrook et  al. 

( 1 9 8 9 ) .  

6.3 Ethanol precipi tation  of DNA 

DNA i n  aqueous so lut ion was precipitated by adding 2 - 2 .5 volumes of ethanol and 0 . 1  

volume of  3 M sod ium acetate, as  described by Sambrook et  al. ( 1 989) .  

6.4 Agarose gel electrophoresis 

T AE buffer was used for agarose g el e lectrophoresis.  When accurate size 

dete rminat ions were not requ i red m i n i -gels (6 .5  cm long x 9 .5  cm wide) were used 

and ru n at 5 V/cm for 1 - 1 .5 hou rs .  Large ge ls  (20 cm long x 1 5  cm wid e ,  Bio- Rad 

Sub CeI I™) were used for blott ing o r  accurate size determinat ions and were run at 1 

V/cm fo r about 1 6  hours . DNA was v isual ized by im mersing gels i n  0.5 /1g/m l  

eth id i um brom ide ( i n  water) fo r 1 5  - 40 m inu tes and i l l um inat ing o n  an  u ltrav io le t  

l i gh t  t rans i l l um nator (Mode l  TS- 1 5 ;  U l t ra- V io le t  Products I nc . ;  254 nm 

wavele ngth ) .  Gels were photographed on Polaroid™ 665 or 667 fi lm .  DNA samples 

were m ixed with an appropriate vo lume of load buffer or SDS dye buffe r. B R L  1 Kb 

DNA Ladder (s ize range 298 bp - 1 2 ,2 1 6  bp)  or  A DNA digested with Hind l l l  (s ize 

range 600 bp - 23, 1 30 bp) were used for molecular s ize markers .  A m obi l i ty 

(distance moved) vs log molecular s ize standard cu rve ,  constructed from the mobi l i ty 

of the molecular size markers , was used to est imate the size of DNA fragm ents .  

20x TA E stock solut io n :  96 .8 g/ I  Tr is ,  1 4 .8 g/ I  E DTA (disod ium sal t ) ,  22 .8 m il l  

g lacial acetic acid. The 1 x worki ng solut ion was prepared by appropriate d i l u t ion of 

the 20x stock solut ion .  

1 1 x agarose ge l  load buffer: 0 .44% bromopheno l  b lue ,  0 .44% xy lene cyanol , 27 .5% 

F ico l l  (Type 400 ; Pharmacia) . Stored at roo m  temperature. 

6 .5 Restriction enzyme d igestion of  DNA 

Restrict ion enzyme digests were done using approximately 1 0  U of enzyme per 2 /1g of 

DNA. B R L  brand enzymes and the recommended REactD' (BRL) buffer were used.  

Digests were incubated at the recommended temperature for 1 - 2 hours and react ions 

were stored on  ice (for  up  to two hours) or  frozen whi le an a l iquot was examined by 

agarose e lectrophores is .  Alternative ly ,  reactions were stopped by incubat ion at 65 °C 

for ten m i n utes (for heat labi le enzymes) ,  by the add it ion of 0 .25 volumes of  S DS dye 

buffer ,  or  by phenol/chloroform extract ion .  D igests were treated with RNAase A,  as 
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requ ired, by adding 2 )1.1 of DNAase free RNAase A and i ncubating for a further two 

m inutes before the add it ion of  SDS dye buffer .  

SDS-dye buffe r :  20% sucrose, S mM E DTA, 1 %  SDS, 0 .2% bro mophenol  bl ue .  S to red 

at 4 °C .  

DNAase free R NAase was prepared as fol lows : a 2 mg/ml so lut ion o f  RNAase A (Sigma) 

was prepared in  ster i le  water ,  heated to 1 00 °C for ten m inutes and frozen at -20 °C .  

The solution was period ical ly reheated to destroy DNAase . 

6 .6 Gel purification of DNA fragments 

DNA fragments were recovered from agarose ge ls by excising the appropriate band 

from an ethidium bromide stai ned ge l  i l l um inated with low intens i ty long wavelength 

UV l i gh t  (Mode l  UVG L-58 ;  U lt ra-Violet Products I nc . ; 360 n m  wave length )  and 

sp inn ing the l iqu id (conta in ing DNA) out  of  the  ge l  s l ice through s i l ican ized g lass woo l ,  

as  described by Heery et al. ( 1 990) . The recovered DNA was concentrated by 

precipi tat ion with ethanol  and resuspended in TE ready fo r use d i rect ly in l ig ation s .  

6 . 7  D N A  quant i tat ion 

The concentration of DNA i n  solut ion was determ ined by one of the fol lowing methods :  

6 .7 . 1 Absorbance at 260 nm .  

The  A260 was used to measure the concentrat ion of  DNA purified by CsCI g radient 

equ i l ibr ium centr i fugat io n ,  as descr ibed by Sambrook et al. ( 1 989) .  This method 

cannot be used i f  the samples contain RNA or prote in .  The presence of R NA was tested 

by agarose electrophoresis and the presence of  protein and other contam inan ts was 

tested by the A260/A280 rat io (Sambrook et al. , 1 98 9 ) .  

6 .7 . 2  Eth id ium bromide d o t  quanti tat ion 

The concentration of DNA in  di lute solut ions was estimated by comparing  the f l uor

escence of ethidium bromide sta ined samples to standards ,  as described by Selde-n and 

Chory ( 1 991 ) .  Standards o f  0 ,  1 ,  2 .5 ,  5 ,  7 .5 ,  1 0 , and 20 �.g/ml DNA and the test 

samples are each mixed wi th an equal vol ume of 1 )1.g/m l  eth id ium brom ide a nd 8 )1.1 
al iquots are spotted onto p lastic wrap , placed on a UV trans i l l um inator and 

photographed. Th is method cannot be used if the samples contain RNA. 
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6 .7 .3 F luorescence in  agarose ge ls 

DNA samples were run  next to standards of known concentration i n  agarose ge ls .  The 

ge ls  were sta ined with e th id ium bromide ,  i l lum i nated on  a U V  t ransi l l um inator  and the 

amount of DNA in the band of in terest was estimated by comparison to the  D NA 

standards.  Th is method can be used if the samples conta in R NA and other contaminants. 

6 .8 Ligation of DNA fragments 

DNA fragments were l igated in to vectors using T 4 DNA l igase. The  general g uide l ines 

out l i ned by Sambrook et al. ( 1 989) for cohesive end  l igations  were fol lowed. L igase 

(1 U/IJ. I )  and 5x l igase buffer were from Promega.  Ligat ions were carried ou t  for 

approx imately 1 8  hours at 1 4 °C and were examined by agarose ge l  e lectrophoresis 

before e lectro- transfo rm ing  E. coli MC1 022 with 1 IJ. I  of the l igat ion reaction .  

6 .9  Preparat ion o f  si ngle-stranded DNA from phagem ids (pUC1 1 8/1 1 9)  for 

sequencing. 

S ing le-stranded DNA templates for sequenci ng were prepared us ing the fo l lowing 

method : 

1 .  An overn ight  cu l tu re of E. coli X L  1 - B lue (Promega) t ransfo rmed with the  phagemid 

was prepared in  2 x YT conta in ing  1 00 �l.g/m l ampic i l l i n  and 1 0  lJ..g/m l  tet racycl i n .  

2 .  T h e  overn ight  cu l ture was d i lu ted 1 /50 in  t h e  same medium a n d  incubated for 30 

m inutes at 37 °C with shaking . 

3. The helper phage M 1 3K07 (Promega, 1 .35 x 1 0 1 1  phage per m l  stock solut ion)  

was added to g ive 1 .35  x 1 08 phage per m l  (mu l t ip l icity of infection of about 1 0  phage 

per bacteri um)  and incubated for 30 m inutes as above . 

4 .  Kanamycin was added to g ive 50 IJ.g/m l and the i ncubat ion was cont inued for a 

fur ther 6 - 8 hours .  

5 .  The cu l ture was cen tr ifuged for f ive m in utes at 1 3 ,000 g,  the s upernatant was 

transferred to a new tube and recentrifuged as above . 

6 .  A 0 .25 vo lume of  phage precipitat ion buffer (20% PEG 8000,  3 . 75 M ammon ium 

acetate) was added to  the supernatant (above) and i ncubated for 30 m inutes on  ice  or  

ove rn ight  at 4 °C .  

7 .  The precipitated phage  were recovered by centrifugat ion a t  30 ,000 g fo r 1 0  

m i n u tes .  

8 .  Pel leted phage were resuspended i n  TE ( 1 00 IJ.I pe r  5 m l  cu ltu re) , extracted twice 

with pheno l/ch loroform and o nce wi th ch loroform ,  precipitated with ethanol  and 

ammonium acetate and resuspended in 20 IJ.I  water. 

9 .  The s ing le-stranded template preparation was examined by agarose m i n i -gel  

e lectrophoresis and about  2 IJ.g (2 - 5 IJ. I )  was used for sequencing .  
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6. 1 0  DNA sequencing 

S ing le-stranded DNA templates were sequenced by the d ideoxynucleotides cha in

term i nation reaction .  The Sequenase I I TM (Un ited States Biochem ical Corp. )  sequencing 

kit was used accordi ng to the manufactu rers instructions .  The S2  (BR L) sequenc ing 

gel  apparatus was used and 6% acry lamide sequencing gels were prepared and run as 

described for the 'Standard P rotoco l '  by S latko and Albright ( 1 99 1 ) . Ge ls  were f ixed 

in a 1 0% (v/v) acet ic acid 1 0% (v/v) m ethanol  solut ion for 45  m i n utes ,  d ried us i ng 

a Model  583 ( Bio-Rad) apparatus at 80 DC and auto rad iog raphed  us ing Fuj i  R x  f i lm .  

6 . 1 1 Southern transfer of DNA 

DNA was transfered to Hybond NTM ny lon fi l ters (Amersham) by vacu um transfer 

under alka l i ne  condit io ns .  The VacuGene X Ln, (Pharmacia) apparatus was used 

accord ing to the manufacturers 'Protocol NO . 3 '  for alkal ine t ransfe r. DNA was 

depu r inated with 0.2 N HCI for about  20 m in utes (unt i l  the bromopheno l  blue marker 

dye had turned ye l low) and denatured and transfered in 1 N NaOH fo r about  1 .5 hours .  

A vacuum of 50 mbar was mainta ined throughout t h e  procedure .  

6 . 1 2 Hybrid ization of DNA probes to Southern blots 

N ick-translat ion labe led DNA probes were hybridized to DNA immobi l ized on  Hybond N 

ny lon f i l ters fol lowing the general g u ide l i nes described by Sambrook et  a/. ( 1 989)  but 

with the  fo l lowing modificat ions :  

Pre hybridizat ion solut ion was 6x  SSC , 1 0x Denhardt's reagent .  A 50 m l  vo l ume was 

used. 

Hybridization solution was 1 M NaC I ,  0 .05 M sod ium phosphate buffer pH 6 .5 ,  2 m M  

EDTA, 0 .5% 8 0 S ,  1 0x Denhardt's reagent .  A 5 m l  volume was used . 

F i lte rs were prehybridized, hybridized and washed at 68 DC.  A total of fou r  post

hybridization washes were done ,  each for 1 5  - 30 m inutes. The first two washes  were 

with 200 m l  o f  2x SSC, 0 . 1  % SDS and the last two with 200 m l  of 1 x SSC.  

Prehybridizat i on ,  hybrid izat ion and washes were a l l  carried ou t  in  g lass hybr id izat ion 

tubes with screw caps and incubated in hybridizat ion ovens (Bachofer 

Laborato r iumgerate) . Autorad iog raphy using Fuji Rx  fi lm was done as described by 

Sambrook et a/. ( 1 989) .  Denhardt's reagent and SSC were prepared as described by 

Sam brook et a/. ( 1 989 ) .  
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6 . 1 3 Hybridization of ol igonucleotide probes to Southern blots 

End- labeled ol igon ucleotide probes were hybrid ized to DNA immobi l ized o n  Hybond N 

nylon f i l ters us ing the same general p rocedure as fo r n ick-translat ion labe led p robes 

but with t he  fo l low ing  d i ffe rence s :  

Pre hybrid izat ion so lut ion was 6x SSC ,  0 .5% S DS, 0 .05% Sod ium pyrophosphate , 1 0x 

Denhardt's reagent .  

Hybridizat ion solut ion was 6x  SSC , 0 .05% Sodium pyrophosphate,  20x Denhardt's 

reagent. 

Wash sol ut ion was 6x SSC, 0 .05% Sod ium pyrophosphate. 

Prehybridizat ion and hybridization were done at 4 1 .5 °C .  Three washes,  each for ten 

m inutes,  were done at room temperatu re, fol lowed by a f inal  wash at 4 1 .5 °C for two 

m inu tes .  

6 . 1 4  N ick -translation label ing of DNA probes 

DNA probes were radioactively labeled wi th  [cx- 32PJdCTP using the fol lowing protoco l :  

1 .  The  fo l lowing were combined (on ice) : 0 . 2  )1g DNA ,  2 .5 J.11 1 0x n ick-trans lat ion 

buffer ,  2 .5 J.11 each of 0 . 1  mM dAT P ,  dTTP ,  and dGTP ,  5 )11 [cx - 32PJdCTP ( 1 0 J.1C ilJ.1l ) ,  

1 U DNA polymerase I ,  DNAasel (opt imum amount determ ined empir ical ly as  described 

by Sambrook et a/: , 1 989) in  a f inal vo lume m ade to 25 )1 1 with water. 

2 .  The react ion mixture was incubated at 1 5 °C fo r 1 5  minutes and the amou nt of 

incorporat ion of  radio labe led nucleotide in  1 III of  the reaction was est imated by th in  

layer  chro matog raphy  us ing a polyethylene im ine ( PE l )  ce l l u lose (Sch le icher  and 

SchO l l  GmbH ,  F 1 440/PE I/LS254) adsorbent developed with 2 N HCI .  The 

un i ncorporated nucleotides m ig rate to the top of  the PE l  strip and the DNA remains at 

the or ig i n .  The radioactivity in the top ha lf was compared to the bottom half ,  in a 

scint i l lat ion counter ,  to g ive an  approx imate est imat ion of the p roport ion of  

i ncorporat ion of  rad io labe l .  Usual ly about 68% incorpo ration was achieved . 

3 .  Un incorporate� n ucleotides were removed fro m  the DNA by spin-col umn  

chromatog raphy through Sephadex G-50 ,  as  described by  Sam brook et at. ( 1 989) . 

4 . Salmon testes DNA ( 1 00 Ill) and TNES ( 1 00 J.11) were added to the probe w hich was 

then bo i led for five m inutes and immediately used for hybridizat ion .  

Sa lmon testes DNA (S igma D1 626) was prepared as described by Sam brook e t  at. 

( 1 9 8 9 ) .  

TNES was 1 0  m M  NaCI ,  1 0  m M  Tris -HCI  pH  8 .0 ,  2 mM E DTA, 0 . 1  % SDS .  
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6 . 1 5  E nd- labeling of ol igonucleotide probes 

Ol igon ucleot ide probes were radioactively end- labeled with [y_32PjdATP us ing the  

fo l lowing protoco l :  

1 .  T h e  fo l lowing components were combined (on ice) : about  1 5  pmol  o l igonucleotide ,  

2 III 1 0x k i nase buffer ,  1 0  U T 4 po lynucleot ide k inase ,  4 III [y_3 2 pjAT P ,  f i na l  

vo lume to 20  III w i th  water. 

2 .  The react ion was incubated at 37 °C for one hour and the degree o f  i nco rporation in 

a 1 III sample was estimated by chro matog raphy on PEl str ips as  for n ick- t ranslat ion 

except that the solvent was 1 .2 M K2 H P04. The un incorporated nucleot ides mig rate to 

the top of  the strip and the ol igon ucleotides stay at the orig i n .  The coun ts i n  the top 

th i rd and the bottom two th i rds of the str ip were compared. I nco rporat ion was usual ly  

above 60%. 

3 .  Salmon sperm DNA ( 1 00 Il l) and T N ES ( 1 00 Ill) were added to the  probe (as 

above) which was then used for hybr id izat ion wi thout further  process ing . 

6 . 1 6 Preparat ion of S. pombe ch romosomal DNA 

Chromosomal DNA from S. pombe was prepared as described by Moreno et al. ( 1 99 1 )  

wi th the  fo l lowing modification s :  Zy molyase 60 ,000 U/mg , rathe r  than 20 ,000 

U/mg ,  was used (because of avai labi l i ty) . The absorbance at 260 nm was found not to 

be an accurate way of determin ing the DNA concentration ,  due to the presence of a 

contam inant  that also absorbed strongly at this wave leng th .  The  DNA concentration was 

determined by comparing the stain ing intens ity of DNA samples ,  ru n on agarose ge ls ,  

w i th  standards.  

6 . 1 7  P lasmid vectors 

The plasm id vectors used in th is study are l isted in Table 5 

7 TRANSFORMATION WITH PLASMID DNA 

7.1 Schizosaccharomvces pombe transformation 

S. pombe stra ins  were transfo rmed us ing a modification of the l i t h i um ch lor ide 

procedure described by Broker ( 1 987 ) .  

1 .  An overn ight culture in  YES was d i l u ted 1 I i  0 in  fresh YES and i ncubated for t h ree 

hou rs .  

2 .  T he cu lture was harvested by cent ifugation (3000 g for five m inu tes  a t  room 

temperatu re) ,  resuspended in steri le water and recentr ifuged, as above .  The  cel ls 

were resuspended in 0 .6 ml of Buffer I and incubated at 30 DC for one  hour ,  with gent le 

shak ing .  
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Table 5 

E. coli and S. pombe p lasmid vectors used i n  th is  study 

Vector Type 

p D B 2 6 2  E. coli/yeast  

shutt le vector 

p D B 2 4 8  E .  coli/yeast  

shut t le  vector 

p F L2 0  E. coli/yeast  

shut t le vector 

p U C 1 1 8 / 1 1 9  E. coli phagemid 

vector  

tetr te tracyc l i ne  resistance . 

ampr a mpici l l i n  resistance. 

Se lect ion markers R eference 

E. coli/S. pombe 

tetr/ L E  U 2 R u s s e l l  ( 1 989 )  

tetr ampr/ L E U 2  R us s e l l  ( 1 989 )  

tetr ampr/ U  RA3  R u s s e l l  ( 1 989 )  

a mpr lacZ' Sam brook et al. 

( 1 9 8 9 )  

LEU2 Saccharomyces cerevisiae LEU2 gene ,  complements S. pombe leu 1 m utants. 

URA3 Saccharomyces cerevisiae URA3 gene ,  complements S. pombe ura4 mutants.  

laeZ' �-ga lactos idase gene for d i ffe rent iat ion on  plates conta i n i ng X-gal . 
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3 .  The ce l ls  were dispensed as 200 j.1 l  a l iquots i n  1 .5 m l  polypropylene  microfuge 

tubes, m ixed with 1 0  j.1 l t ransform ing  DNA (0 .05 - 2 j.1g DNA) and 8 j.1l carrier  DNA 

and  i ncubated a t  30 °C for 30 min utes,  wi thout shaking.  

3 .  700 j.1l of  Buffer I I  was added to the ce l l  suspension and i ncubated a t  30 °C for 30 

m inutes ,  w i thou t  shak i ng .  

4 .  The  tubes were placed in  a water  bath a t  46  °c for 25  m inutes .  

5 .  Tubes were gent ly m icrofuged, wi thout al lowing the microfuge to atta i n  fu l l  speed,  , 
for one m in ute .  The supernatant was d iscarded and the cel l s  were resuspended i n  a 

conven ient  vo lume of 0 .9% N aCI  (0 .5  to 1 0  ml) . 

6 .  50 - 1 00 j.1l a l iquots of the  tran sfo rmed cel ls were spread o n to pre -dried selective 

agar p lates (usual ly MM wi thout the appropriate supp lement ) .  

A negative con trol and a posi tive control  were done for a l l  transfo rmations .  

Transforming DNA was ommitted in  t he  negative contro ls ,  but  carr ier DNA and  a l l  

other componen ts were s t i l l  i ncluded .  DNA of a prev iously dete rmined transforming 

abi l i ty was u sed fo r posit ive con tro l s .  

Carr ier DNA for S. pombe transformat ions was  prepared as  fo l lows:  DNA from herr ing 

testes (Sigma D-6898) was d issolved in  TE (pH 8 .0) to a concent rat ion of  5 mg/ml 

and son icated for th ree m in utes using a Soniprep 1 50 apparatus (MSE)  with the 3 mm 

probe at  ampl itude 1 0  and then vortexed vigorous ly .  Frag ment s izes,  measu red by 

agarose e lectrophoresis, were about 2 - 1 5  kb. The DNA was p laced in a boi l ing water 

bath for ten m i n utes , cooled in  an  ice bath and frozen at -20 °C .  The DNA was 

periodical ly reheated to ensure i t  was s ing le-stranded. 

Buffer I :  20 m M  Tris -HC I  pH  7 .5 ,  2 mM E DTA, 0.2 M LiC I ,  fresh ly prepared us ing 

Tr is  and EDTA stock so lu t ions and f i l ter ster i l ized . 

Buffer I I :  1 0  m M  Tris -HCI  pH 7 .5 ,  1 m M  EDTA, 0 . 1  M LiC I ,  40% polyethy lene g lycol 

M r = 4000 ,  f resh ly prepared and f i l te r  s ter i l i zed . 

7 .2 Stabi l ity test for S. pombe t ransformants 

The plasmid stabi l i ty test was used to dist i ngu ish between transform an ts contain i ng  an 

autonomous ly repl icat ing p lasm id, t ransfo rmants contai n ing a n  i n teg rated plasmid,  and 

revertan ts of  the gene of  i n terest .  An autonomous ly repl ica t i ng p lasmid wi l l  be rapidly 

lost i n  the absence of  selection for the vector marker gene ,  resu l t ing in some colon ies 

wh ich have lost  both the vector marker gene and the cloned gene o f  in terest and other  

colonies which retain both phenotypes .  An i ntegrated p lasmid w i l l  resu l t  i n  a l l  

5 4  



colon ies reta in ing both phenotypes .  A revertant for the gene of i n te rest w i l l  resu lt i n  

colon ies wh ich lose t h e  vector g e n e  b u t  retain the phenotype of t h e  g e n e  of i nterest .  A 

modification of the method described by Moreno et al. ( 1 99 1 )  was used :  

1 .  An overn ight Y ES cu l ture ( 1 0 m l )  of a transformant co lony was  appropriatel y  

d i luted and plated for isolated colon ies o n  YES plates. 

2 .  The resu ltant colon ies were repl ica plated onto media to test for the selective vector 

marker gene  and the cloned gene of i nterest. 

7 .3 Recovering plasm ids from Schizosaccharomvces pombe 

Plasm ids were recovered from S. pombe using the method described by Moreno et al. , 

( 1 99 1 ) wi th the fo l lowing modi ficat io n s :  the  density of cu ltu res was determ ined by 

count ing cel ls  in a hemacytomete r ,  rather than by using the optical density (00595 ) ;  

Zymolyase 60 ,000 U/mg ,  rather than  20 ,000 U/mg,  was u sed (because of 

ava i lab i l i ty) ; 1 00 Il l ,  ra ther than 50 Il l ,  of  ce l l  extract was pu rif ied by the Geneclean 

procedu re .  The DNA was fu rther concent rated two- fo ld by precipitation and E. coli 

strain O B 1 3 1 8 was e lectro - transformed w i th 2 III DNA.  

7.4 E lectro- t ransformation of  E. coli 

7 .4 . 1  Preparation of competent E. coli ce l ls  fo r e lectro - t ransfo rmation .  

E. coli cel ls  were prepared, frozen and used for e lectro-transfo rmat ion using the 

protocol described in  the man ufacturers in struct ion manual  for  the  Gene PulserTM 

appa ra tus  ( B io- Rad ) :  

1 .  One l i ter o f  Luri a broth was inocu lated with 1 0  m l  of a fresh overn ight  cul ture o f  E. 

coli. 

2. The  cu l tures was incubated at 37 °C with shaking at 250 rpm to an optical density 

of  0.5 at 600 n m .  

3 .  The  cu lture was ch i l led on  ice for 2 5  m inutes and centr ifuged a t  4000 g fo r 1 5  

minutes at 4 °C .  

4 .  The cel l  pe l let was resuspended i n  1 I o f  ice-co ld ste r i le wate r  and centr i fuged as 

above. 

5 .  The ce l l  pel let was resuspended i n  500 ml of ice-cold steri l e  water and centrifuged 

as above. 

6. The ce l l  pe l let was resuspended in 20 ml of ice-cold steri le  1 0% (v/v) g lyce ro l 

and centr ifuged as above. 

7. The cel l pe l let was resuspended to a f inal volume of 2 ml in  ice-cold steri le 1 0% 

(v/v) g lycero l .  Th is resulted in  a ce l l  concentrat ion of about 2 x 1 0 1 0  c e l i s/m i .  

8 .  T h e  cel ls  were dispensed a s  4 0  )..II a l iquots into ch i l led m icrofuge  tubes, snap

frozen in l iqu id n i t rogen and sto red at -70 °C .  
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7.4 .2  E lect ro-transformat ion p rocedu re 

E lectro- t ransformation of  E. coli was done using the Gene Pu lser™ apparatus (B io

Rad) accordi ng to the manufactu rers suggested protocol : 

1 .  40  �I a l iquots of e lectro-com petent  cel ls were gent ly thawed on  ice,  mi xed wi th 1 

to 2 �I of D NA and incubated on ice for about one minute . DNA was i n  T E  buffe r o r  

wate r .  

3 .  The DNA and ce l l s  were  transfered to a 0 .2  cm electro-transfo rm at ion cuvette (on 

ice) and then  pulsed once a t  the fol lowing settings :  

Gene Pu lse r  - 25 �F and 2 .5 kV ;  Pu lse Con trol ler - 200 Q. Th is  produced a pu lse 

wi th  a t ime constant of 4 - 5 msec. 

4 .  I m mediately after  pu ls ing ,  the ce l ls  were resuspended in  1 ml of SOC medium and 

i ncubated fo r one hour at 37 °C with shaking at 225 rpm . 

5. T ransfo rmed cel ls were se lected by plat ing on L plates contai n ing the  appropri ate 

an t ib io t i c  ( 1 00 Ilg /m l  amp ic i l l i n ) .  

Pos i t ive a n d  negat ive controls were inc l uded fo r a l l  e lectro-transfo rmations .  A known 

quantity of pUC 1 1 8  was used for the posit ive controls and TE was substi tuted fo r D NA 

in the  negative contro ls .  The  transfo rmation frequencies for E. coli stra ins M C 1 022 

and DB1 3 1 8 were 6 x 1 0 1 0  a nd 1 x 1 08 t ransformant colon ies per  �.Lg pUC 1 1 8 , 

respect ive l y .  

8 ADDITIONAL BUFFERS, STOCK SOLUTIONS AND NOTES 

A l l  so lu t ions  were prepared in M i l l i -OTM (M i l l ipore Corporat ion )  p u ri fied water 

un less otherwise stated and a l l  % concentrat ions are w/v u n less otherwise stated.  

Buffers ,  reagents and stock solut ions not described in other sections are l isted be low: 

8 . 1  T ris stock solutions 

1 M T ris stock solut ions were prepared and ste r i l ized as described by Sambrook et al. 

( 1 989 ) .  These stock so lu t ions  were used to prepare othe r buffers by appropriate 

d i l u t i o n .  

8 .2  Ethylenediaminetetraacet ic acid (EDT A. pH 8 .0) 

EDTA stock so lutions were prepared as described by Sam brook et al. ( 1 9 89) , except a 

0 .2  M ,  rathe r  than 0.5 M ,  stock was used. These stock so lut ions were used to prepare 

other  buffe rs .  
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8 .3 T E  (Tris EDT A) 

T E  was 1 0  m M  Tris-HC I ,  1 mM EDT A ;  p repared by di lu t ion of  Tr is and E DTA stocks and 

steri l ized by a utoc lav ing for 1 5  m in utes at 1 2 1 ° C .  
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RESULTS 

1 UREASE ACTIVITY SELECTION M ETHODS FOR S. POMBESTRAINS 

Re l iable and sensitive methods were required to detect u rease activi ty  in S. pombe 

cul tures .  A screening method able to d i fferentiate between ure+ and ure- colon ies  was 

a lso requ i red.  Several previously pub l ished methods were t ested (Seel ige r ,  1 95 6 ;  

Barnet t  et  a/. , 1 990 ;  Booth and Vish n i ac ,  1 987 ;  Ki nghorn a n d  F l u r i ,  1 984) . 

I nd icator p lates which differen tiated between urease+ and urease- strains  of S.  pombe 

were developed. 

1 . 1 N itrogen Source P lates 

Urease mu tants of S. pombe are unable to use hypoxanth ine o r  urea as a sole n itrogen 

sou rce (K i nghorn and F lu r i ,  1 984) .  The  g rowth of ure+ and ure- s t ra ins was 

compared o n  sol id media with ammon ium su lfate ,  hypoxanth i ne ,  or u rea as t he sole 

n i trogen source .  The effect of n u tr i t io n al supplements ,  the puri ty of t he  m edia 

ingredients , the concentration of  the n i trogen and carbon sources, and the method of 

media preparation were a lso examined .  

The g rowth of  the  S. pombe u rease m u tants ure l - l h- , ure2- 1 h- ,  ure2- 1 h+ ,  

ure3- 1 h- ,  ure3- 1 h+ ,  ure4 - 1 h - and the ure+  stra i ns  1 22 ( Ieu 1 his2 ) ,  972 h - , 

975 h+ were tested on M I N H  (2  m M  hypoxanth ine) , M I NA ( 1  m M  a mmonium su lfate) , 

M I N U  (2 m M  urea) , M I N  (no n i t rogen source) . Test media were streaked for s i ng le  

co lon ies and a lso were patched .  P lates were periodica l ly exam ined fo r g rowth over  five 

days incubat ion at 30 °C.  Al l  stra ins produced isolated co lonies of up to 0 .3 mm 

diamete r o n  M IN  and  very lig ht g rowth where patched. No stra ins  g rew s ign ifican t ly 

more on M I N U  than on M I N .  The ure+ strains grew wel l  on M I N H  (co lon ies up to 2 mm 

in  d iameter ,  h eavy g rowth of  patches) .  A l l  strains grew wel l  on M I N A  (colon ies 2 - 3 

mm diameter ,  heavy g rowth of patches) . The ure- mutants g rew poorly on M I N H  

(co lon ies up  t o  0 .5 m m  diameter ,  very l ight  growth o f  patches) wi th  t h e  exception of 

ure3- 1 ( F ig u re 2 ) .  Mutant ure3- 1 freq uen tly produced co lon ies up  to 0 .75 m m  

diameter a n d  patches grew almost twice a s  much as those o f  t h e  o ther  ure- stra ins .  

The backg rou nd growth o f  a l l  stra ins on  M IN and the  g rowth o f  ure3- 1 on M I N H  was 

no t  reduced by using Noble agar ( D ifco ) .  
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Backg round g rowth on  M IN H was not  reduced by adding the hypo xanth ine  (40 m M  stock 

so lut ion in 0 . 1  N NaO H ,  fi l te r  ster i l ized) to the autoc laved and  cooled med ium ,  rathe r 

than before ster i l izat ion .  

The m in imal medium described by  Gutz et at. ( 1 974 , M MA) was prepared withou t  any  

n i t rog e n  source , with 1 m M  ammon i um  su l fate ,  or  with 2 mM hypoxanth ine .  N o  

decrease of  backg rou nd growth or  i mprovement o f  st rain d i fferen tiat ion was obt a i ned . 

The g lucose and n i t roge n  levels of M I NA and M I N H  were i ncreased to 3% and 4 m M ,  

respect ive ly .  The di fferent iat ion o f  ure+ and ure- stra ins  was n o t  improved.  

The e ffect of amino acid and n ucleotide supplements was examined .  M I N ,  M I NA ,  and 

M I N H  were prepared w i th o r  without  50 ).l g/m l  each of l euc ine ,  h ist id i ne ,  and u raci l .  

These supplements were added either before the media were autoclaved ,  after they were 

autoclaved and coo led to 50 °C, o r  spread di rectly onto the su rface of the agar plates 

from stock sol utions .  The 1 % amino acid stock sol ut ions were f i l ter steri l ized. The  

0 .5% u raci l stock solut ion was  prepa red in 0 . 1  N NaOH and fi l te r  ster i l ized. I n  a l l  

cases the  g rowth of  ure - stra ins on M I N H  was s l ight ly i ncreased ( F igure 2 ) .  

Su m m a ry 

M I N U  d id  not support the growth of wi ld-type or ure- stra ins .  M I N H  was useful i n  

d is t ingu i s h i ng between wi ld-type and ure- stra ins ;  however ,  t he  d ifferent iat ion was 

not  as good when the n u tri t iona l  supplements leuc ine , h ist id i ne , and  u raci l  were 

i nc luded in the medium and was not very good for ure3- 1 .  Bette r se lection was not  

obta ined by using Noble agar ,  a d i fferent defined medium,  add ing f i l ter  steri l ized 

hypoxanth ine  to the autoclaved medium ,  or i ncreasing the g l ucose and nitrogen sou rce 

concent rat ions .  

1 .2 I ndicator Media 

1 .2 . 1  Standard methods 

Christensen 's urea agar (CUA;  0 . 1  % peptone ,  0. 1 %  g l ucose , 0 .5% sodium chlor ide ,  

0 .2% potass ium dihydrogen phosphate , 0.00 1 2% pheno l  red ,  2% urea ,  2% agar;  

Kreg e r-Van  R ij ,  1 984) o r  u rea R broth ( U R B ;  0 .0 1  % yeast e xt ract , 0.0091 % 

monopotass i um phosphate , 0 . 0095% d isod ium phosphate , 2% u rea ,  0 .001 % pheno l  
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red ; Barnett et al. , 1 990} are the m edia most common ly u sed to detect u rease activ i ty 

i n  yeasts . Roberts et  al. ( 1 978) m in iatu rized the U R B  test so that it could be carried 

ou t  in a 96-wel l  microt i ter p late .  Booth and Vishn iac ( 1 987) u sed R U H  (Tab l e  2) ,  a 

modif ied U RB,  to avoid fa lse posit ives with the m in iatu rized test .  

S. pombe ure+ and ure- strain s  were tested on  eUA slopes, U RB (3 m l ) ,  and R U H  

(200 III i n  m icrotiter p late we l ls) . T h e  media were h eav i ly i nocu lated with ce l l s  from 

fresh cu l tures on YES plates and incubated as described in the above references. 

e UA s upplemented with l euc ine and hist idine was i nocu lated wi th 1 22 and LH 1 62 

( ure2- 1 leu 1 his2) . No color change or growth occu rred wit h i n  1 2  days i ncubation at 

30 ae . 

Stra i n s  1 22 ,  lys 1 - 1 3 1 ,  972 ,  975 ,  ure 1 - 1 ,  ure2- 1 ,  u re3- 1 ,  and u re4 - 1 ,  were 

tested in R U H .  The ure+ stra ins  were a l l  strongly posit ive wi th in  two hours 

incubat io n .  The ure- stra ins  were a l l  st i l l  negative after fou r  hours. The med ium 

used  for the  inoculum growth can affect t he  RUH test response ( Booth and  Vishn iac, 

1 987) . The strains 972 and ure3- 1 were tested after g rowth on M M ;  the R U H  

response was not affected.  

1 .2 . 2  I nd icato r plates 

A m ed ium was required that cou ld be used to test for ure+ transfo rmants of ure

stra ins .  The medium must not support the growth of leu 1 or ura4 strains because the 

S. pombe vectors used for  gene ban k  construction use leu 1 or  ura4 complementation 

for the se lection of transformants ( Moreno et al. , 1 9 9 1 ) .  

An agar medium based on U R B  with the fol lowing modificat ions was made :  0 .67% yeast 

n it roge n  base without amino acids ( O ifco) was used i nstead o f  yeast extract, 2% agar 

and 0 .003% phenol red were used, u rea (2%) was added to the autoclaved med ium 

fro m a 2 0% stock sol ut ion ( f i l ter -ste ri l i zed) .  Nutr i t ional  supp le m e nts were i nc luded 

as requ i red .  The stra ins ura4 -0 1 8, 1 22 ,  lys 1 - 1 3 1 ,  ade6- 704 were streaked o nto 

the m ed ium i n  plates .  No strain g rew sufficiently wel l  fo r th is m ed ium to be used for 

d i ffe ren t iat ion of stra i ns .  

The inh ibitory affects o f  pheno l  red and  urea were examined.  URB agar plates were 

prepared as above (0 .003% pheno l  red ,  2% urea) , with various concentrations of  

u rea (between 0 - 1 .5%) , or without phenol red and urea .  The plates were streaked as 
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above for s ing le colon ies ,  i ncubated for four days at 30 DC and  examined for g rowth 

( Figure 3 ) .  Pheno l  red did not s ign ificant ly i nhibit g rowth . U rea i nh ibited g rowth i n  

a strain -dependen t  man ner  at levels as  low a s  0 . 1  % .  

Benson  a n d  Howe ( 1 978) flooded agar plates with a phenol  red + u rea solut ion to detect 

u rease activ ity in Neurospora crassa colonies.  Th is technique was applied to S. pombe 

1 22 colonies on YES and M M  plates. With in  20 minutes at 30 DC or 37 DC colonies on 

YES had turned red ; however, no  color change occu rred wi th colonies on M M  plates, 

even afte r several hours i ncubat ion .  

Co lon ies of  1 22 ,  LH 1 62, and mixtures of  the two stra ins ,  were g rown on  YES plates 

and overlaid with a molten R U H  + agar solut ion .  The R U H  overlay was prepared using 

s ing le  strength or double strength R U H  with 0 .5% or 2% agar,  and single strength 

R U H  contai n ing 6% urea and 0 .5% agar. Overlaid plates were incubated at 20 DC, 30 

DC, or  37 DC. A co lor difference between the two stra ins was noted ; however, i t was too 

diffuse to al low diffe rent iat ion of colonies that were with in  1 cm of each other .  

S. pombe 1 22 colonies on YES were overlaid wi th a molten 2% urea + 0.5% agar 

solut ion ,  incubated at 1 8 - 22 DC for - five min utes, spread with the PN and AH reage nts 

used for ammon ia dete rm inat ion (Creno et. aI, 1 970) and incubated at 37 DC fo r 

several hours .  No color change occu rred around any co lon ies .  

I ndicator media wi th different  i ndicator dyes and various concen trations of  g l ucose and 

urea  were tested for growth and color differentiation (Table 6) . Cel lu lose was i ncluded 

in  med ium A to l im it the d i ffus ion of acidic and basic products (Cavin et al. , 1 989) .  

The m edium was streaked for s ing le co lonies and patched wi th  ure2- 1 ,  972 ,  and a 

m ixture of the  two stra ins .  The g rowth of both strains and the co lor d iffe re nt iat ion 

were poor. 

Media B, C ,  0, IHG and I LG were each inoculated as above and also spread with a 

mixture of ure2- 1 and 972 ce l l s  at about 1 00 : 1 0 and 200 : 1 0 co lon ies per plate 

( ure2- 1 :972) . Si mi lar m ix tures of cel ls were also spread on to Y E S  and the resu l tant  

colon ies replica plated onto I LG ,  I H G ,  M I N H  and M INA. A l l  p lates were i ncubated at 30 

DC and e xam ined periodical ly over ten days. IHG gave the best growth and color 

different iat ion fo r spread plates.  The  ure+ colonies cou ld be eas i ly  identif ied after  five 

days ( F ig ure 4 A) ; however, diffe rent iation of repl ica plated colo n ies  was poor. 

Growth on I LG was poor but the co lor d iffe ren tiation of  patche s  and replica plated 

colon ies  was very good (Figu re 48 ) .  Provided that the ratio of  ure - co lon ies : ure+ 
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F igu re 3 

Effect of u rea and phenol red on S. pombe growth 
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U rea concentrat ion (%w/v) -0-- 1 22 
-0- 1 3 1 

a ura4-018  i 
(0% u rea ,  0% phenol red) 0 ade6- 704 

I nd icator m edia with various concentrat ions of u rea were streaked with S. pombe 

stra i ns  1 22 ,  1 3 1 ,  ura4 - 0 1 8, and ade6- 704 . The colony s ize was examined after four  

days i ncubation at 30 ac.  Data fo r the medium without urea o r  phenol red are marked 

w i th  an arrow. 
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Table 6 

Urease Indicator Plates.  

M ed ium Glucose Urea Dye 

A 1 . 0% 0 . 1 % BCG 0.0 1 %  

B 1 . 0% 0 . 1  % BCG 0.0022% 

C 0 . 1 %  0 . 1  % BCG 0.0022% 

0 1 . 0% 0 . 2 %  PR 0.003% 

E 0 . 2 % 0 . 2 %  PR 0.003% 

IHG 1 . 0% 0 . 2 %  BCG 0.0022% 

I LG 0 . 2 % 0 . 2 %  BCG 0.0022% 

Al l  percentages are w/v . U rea was added to autoclaved media from 1 0% fi l ter 

steri l ized stock sol ution .  Med ium A contained 1 0% cel l u lose powder  and 2% agar .  A l l  

other  med ia contained 3% agar .  A l l  media contained 1 mM a m monium su lfate ,  0 . 1 7% 

yeast n i trogen base without  amino acids or ammonium su lfate ( Oifco ) ,  and the pH was 

adjusted to pH 4.5 with 0 . 1  N HC I .  BCG '" bromocresol g reen ,  PR '" phenol red .  
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colonies was > 3 : 1 , urease activity cou ld be correctly sco red on I LG and I HG for u p  to 

200 colon ies per plate . Diffe rent iation of urease activity was not possible o n  any  

medium when  the d ifferen t  stra ins were streaked as  a m ixture. Whe n  u rea  was  o mitted 

from the  m edia no co lor  d iffe rent iat ion occu rred . 

Sum mary 

Urease+ colon ies could easi ly be identified among a backg round of u rease- colon ies by 

repl ica p lat ing onto I LG or by spreading I HG plates .  M IN H  cou ld also be used to ident ify 

u rease+  co lon ies by repl ica p lat ing or streak ing ; however ,  n utr i t iona l  supplements 

and the  backg roun d  g rowth of strain ure3- 1 decreased the clarity of d iffe rent iat io n .  

M I N H  cou ld b e  used with h igher  co lony densit ies a n d  h ig her  ratios o f  ure+ t o  ure

colon ies than the i ndicator plates. 
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2 CHARACTERIZATION OF THE UREASE GENES 

The u re ase mutants used i n  the present study were characterized and the ure genes 

were genetica l ly mapped. 

2 . 1  Characterization o f  ure mutants 

The ure m utant stra ins used i n  th is study were tested for the i r  complementation 

behavior ,  u rease activ ity of ce l l -free extracts ,  and response to n ickel and manganese.  

2 . 1 . 1 U rease mutant complementation groups 

The abi l i ty of the d iffe rent  ure - stra ins to fo rm protot roph ic progeny when  crossed to 

each other  was tested to conf i rm the stra ins belonged to the four  complementation 

g roups described by K ing horn and Flur i ( 1 984 ) .  R eciprocal crosses were carried out 

between  ure 1 - 1 ,  ure2- 1 ,  ure3 - 1 and ure4 - 1 stra ins  in a l l  1 6  possib le 

combinations .  Each cross was examined microscopica l ly fo r the presence of  asc i ,  

streaked onto M I N H ,  and examined for g rowth afte r incubation .  Growth on  M I N H  was 

assumed to mean that  the mutations we re non-a l le l ic and ,  the refore,  be longed to 

different complementat ion g roups.  The g rowth patte rns showed that each ure genotype 

represented a separate complementation g roup (Table 7 ) .  

2 . 1 .2  The  urease activ i ty of ce l l - free ext racts 

Permeabi l ized-cel l  suspens ions of ure mutant stra ins have no u rease activity 

(K inghorn  and F lur i ,  1 984 ) .  The urease activ i ty of  ce l l - free extracts of  ure- stra i ns  

was tested to  confirm t he  absence o f  an  active u rease. C rude extracts o f  S.  pombe 972 ,  

ure 1 - 1 h- , ure2- 1 h- , ure3- 1 h - and  ure4 - 1 h - were  assayed fo r  u re ase act iv i ty . 

No act ivity was detected in any of the ure- extracts and h igh  act ivi ty was detected i n  

the  972  e xtract . 

2 . 1 .3 Effect of n ickel and manganese on u rease activity 

The addition of  n icke l ,  or  n icke l and manganese to the growth medium can restore 

u rease act ivity in a ure- mutant  of Aspergillus nidulans ( M ackay and Pateman ,  1 980) 

and i ncrease urease activity in wi ld-type Lactobacillus fermentum (Kak imoto et al. , 

1 990) .  M I N H  plates wi th 0%,  0 .0005%, 0 .005% or 0 .05% each of n ickel 
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Table 7 

Complementat ion of ure- strains  

Crossed stra ins  

h - st ra in  

u re 1 - 1 

u r e  1 - 1 

u r e  1 - 1 

u r e  1 - 1 

u re 2 - 1 

u re 2 - 1 

u r e 2 - 1 

u r e 2 - 1 

u r e 3 - 1 

u r e 3 - 1 

u r e 3 - 1 

u r e 3 - 1 

u re 4 - 1  

u re 4 - 1 

u re 4 - 1 

u re 4 - 1 

h + strai n 

u re  1 - 1 

u r e 2 - 1 

u r e 3 - 1 

u re 4 - 1  

u re  1 - 1 

u r e 2 - 1 

u r e 3 - 1 

u r e 4 - 1 

u re 1 - 1 

u r e 2 - 1 

u re 3 - 1 

u re 4 - 1  

u re 1 - 1 

u re 2 - 1 

u r e 3 - 1 

u r e 4 - 1 

Growth on M I N H  

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

ure- strains were reciprocal ly crossed on  MEA plates for two days at 25 DC.  Each 

cross was then st reaked onto M I N H  and examined for g rowth after five days incubation 

at 30 DC .  

+ Growth  

- No g rowth 
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su l fate tetrahydrate and m anganese su lfate were patched with 972,  ure 1 - 1 h- , 

ure2- 1 h-, ure3- 1 h - and ure4- 1 h-. No improvement  of g rowth was noted with any  

of the ure- strains  and the g rowth of 972 was i nh ibited a t  t he  h ighest nickel and 

manganese concentrat ion (F igure 5 ) .  

2 .2 Chromosome assignment and l i nkage relationsh iRs of ure 1, ure2, ure3, and ure4 

The ure 1 ,  ure2, ure3, and ure4 genes were genetical ly m apped by induced 

haploidizat ion and m e iot ic recombinat ion .  

7 0  

2 . 2 . 1  L inkage to  Iys 1 ,  the mat  locus ,  o r  a centromere. 

The st ra ins  ure 1 - 1 h+ , ure2- 1 h+ , ure3- 1 h+ , and ure4 - 1 h+ were e ach cro ssed 

wi th lysl- 1 3 1  h- to obta in  the ure - lys 1 - h - mutan t  requ i red for the i nduced 

haploidizat ion step . At least 25 tetrads from each cross were also analyzed for 

potent ia l  l inkage of the ure gene to the mat locus,  Iys/, or a cen tromere .  L inkage to 

lys 1 or mat was assumed if parenta l  di type (PO)  tetrads s ign i ficant ly  exceeded non

parenta l  d i type (N P D) tetrads . Linkage to a ce ntromere was determined by exam in ing 

the ascus type rat ios of each ure gene relative to Iys 1 .  Iys 1 i s  closely l in ked to the 

centromere of chromosom e  I .  I f  lys 1 and the ure gene were not l inked , and the rat io of 

te t ratype (T) asci to PO and N P D  asci was sig n ificant ly lower than 4 : 1 : 1  (T : P D : N PD) ,  

t hen  li nkage o f  the ure gene to  a centromere was assumed and  the  approximate gene to 

centromere distance was taken to equal the tet ratype frequency .  The fo l lowing 

potent ia l  l i nkages were revealed by the above analyses : ure 1 - a centromere, a n d  ure4 

- lys 1 .  Very weak poten t ia l  l i nkages , not sig n ificant at the 1 0% leve l ,  we re fou n d  fo r 

ure3 - /ys 1 and ure2 - cent romere (Table 8 ) .  

2 .2 .2  Assign me nt to  l inkage g roups by induced haploid ization 

Each of the four ure genes was assigned to a chromoso me by i nduced haploidization 

(Koh l i  et al. , 1 977) . Stab!e ,  diploid S. pombe stra ins can be induced to haploidize , 

wi thout u ndergo ing meiot ic d iv is ions ,  by growth in the presence of m

f luoropheny la lan i ne .  The haploid seg regants are  iden t if ied by the i r  co lo r  ( l ig h t  p i nk) 

on YEP plates. The segregation patterns of the gene of i n terest and marker genes on 

each chromosome can be used to ass ign the gene of interest to a specific chromosome .  

Stable d iploid stra ins  were obtained by  crossing Iys 1 ure- h- stra ins  with 2 1 73 

(mat2- 1 02 ade6 ura 1  his3) . Diploid co lon ies (red on M I NAP) were haploid ized o n  

F PA. The haploid segregants were tested for the lys 1 (chromosome I ) ,  ura 1 
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Table 8 

Analysis of l inkage of ure genes to lys 1 ,  the mat locus, o r  a cent ro mere 

Number of tetradsa 

Gene pair PO NPO T Linkage between genesb Li nkage to  centromereb 

ure 1 lys 1 7 7 1 2 P O  = NPO,  no l inkage X 2 
= 4 .9 

0 . 05 < P < 0 . 1 

potent ia l  l i nkage 46 cM 

ure 1 mat 4 3 1 9 X 2 = 0 . 1 4  

P > 0 .2 ,  no l i nkage 

ure2 lys 1 5 8 1 7 P O  < NPO, no l inkage X2 = 2 .25  

0 . 1 < P < 0 .2 

potent ia l  weak l inkage 

ure2 mat 4 8 1 6 PO < N P O ,  no l inkage 

ure3 lys 1 1 8 1 0 2 9  x 2= 2 . 2 9  (potent ia l  l i nkage to 

0. 1  <P < 0 .2 Iys 1 estab l i shed)  

potentia l weak l i nkage 

ure3 mat 1 3 8 3 5  X2 = 1 . 1 9 , P >  0 .2 ,  

no l inkage 

ure4 lys 1  9 3 2 4  X2  = 3. (potent ia l  l i n kage to 

0 .05 < P < 0 . 1 0 Iys 1 establ i shed)  

potent ia l  l i n kage 

ure4 mat 8 8 2 0  PO = N PO,  no l inkage 

a Data are from crosses between the ure stra in and Iys 1 - 1 3 1  h-

b The principles of the ana lyses are outl ined in the text and in  Mater ia ls and M et hods 

3 .4 . 1  and 3 .4 . 2 .  



(chromosome I ) ,  his3 (chromosome I I ) ,  ade6 (chromosome I I I ) ,  and ure phenotypes .  

T h e  data were ana lyzed a s  described i n  Materials and Methods 3 .5 .  The  2 x 2 

con ti ngency test (Chatfie ld ,  1 983) was used to confirm independen t  o r  jo i n t  

segregation of two markers. ure 1 segregated w i t h  ade6 and ,  t he refo re ,  was assig ned to 

ch romosome I I I ;  ure2, ure3, and ure4 a l l  segregated with Iys 1 and ura 1 and ,  

therefo re ,  were assigned to  chromosome I (Tables 9 and 1 0) .  

2 .2 .3  M apping by meiotic recombinat ion 

Once the ure genes were assigned to the i r  respective ch romosomes ,  each ure- strain 

was crossed with a mapping strain having marke r  genes on the appropriate 

chromosome .  ure l was crossed with 2 1 7 1 (ch romosome I I I ;  centromere l i nked 

m arkers ade6 and fur l ) and with ade6- 704 ;  ure2, ure3, and  ure4 were each crossed 

with 2 1 43 (ch romosome I ;  ade4 lys 1  ura2) . Asci were d issected and tet rads 

producing three or four viable colon ies were tested and designated T,  PO or NPO .  

Tetrads w i t h  less than three v iable spores cannot be scored . The  v iabi l ity of spores for 

each cross is presented in Table 1 1 .  A S ign ifican t  excess of PO over N P O  tetrads 

ind icated l i nkage of two markers and con fi rmed the chromosome assign ments 

establ ished by induced haploidization .  Map distances were calcu lated using Perkins' 

( 1 9 4 9 )  fo rm u l a :  

Xp  = 50(T + 6 N P D)/( P D+N P D+ T) 

These map d istances were corrected for mu lt iple crossovers by u s ing a conversion 

table (Munz  et al. , 1 989) . The data from the ure- x Iys 1 - 1 3 1  crosses (above) were 

included in  the analysis, as appropriate. I nterference was assumed to be absent .  ure 1 

was mapped 32 cM from furl and 50 eM from ade6; ure2 was mapped 69 cM from 

ura2 and 1 00 cM from ade4; ure3 was m apped 3 1  cM from ade4 and 9 1  cM from ura2; 

and ure4 was mapped 1 00 cM from Iys 1 and an even g reater distance from ura2 (Table 

1 2 )  . 
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Table 9 

Observed numbers of the genotypes among the haplo id seg regan ts from induced 

h aplo id izat ion .  

a l a l l  a l i i  bObserved n umber 

Genotype Iys 1 u ra 1 h is3  ade6 ure u re 1 ure2 ure3 u re 4  

1 + + + + 7 9  5 3  1 0 3 

2 + + + 7 8  0 0 0 

3 + + + 1 1 4 4 7  6 7  9 8  

4 + + 0 0 0 0 

5 + + + 0 1 5 2 2  0 

6 + + 0 0 0 0 

7 + + 0 1 6 2 9  

8 + 0 0 0 0 

9 + + + + 0 0 0 

1 0 + + + 6 1 1 2 

1 1 + + + 3 0 0 0 

1 2 + + 0 9 4 

1 3 + + + 0 0 0 0 

1 4 + + 0 1 8 2 5  0 

1 5 + + 0 0 0 0 

1 6 + 0 1 0 9 0 

CFrequency u re 1 9 3 . 2  6 . 8 1 0 0 4 1  . 1  5 9 . 4 2 0 7  2 0 6  2 0 6  2 0 8  

of  w i ld - u re2 7 6 . 2  2 3 . 8  7 1  . 4  6 0 . 2  7 6 . 7  (Tota l  n umber o f  

type u re3 8 3 . 0  1 7 . 0  5 9 . 2  4 9 . 0  8 3 . 0  haploid seg regants 

a l l e l e s  (%) u re4  9 7 . 1  2 . 9 9 9 . 5  5 0 . 5  9 7 . 1  ana lyzed) 

a I ,  I I ,  and I I I  refer to the chromosom e  the l isted m arkers are located o n .  
b T h e  observed number o f  each genotype ( 1  - 1 6) a mong the haploid seg regants is 

l isted for each of the four  ure genes analyzed by induced haploid izat ion . 

C The frequency of haploid seg regants fo r the indicated ure gene data that are wi ld type 

fo r t he  m arker g e ne ( Iys 1 ,  ura 1 ,  his3, or ade6) or the ure gene ,  as ind icated. 
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Table 1 0  

Eval uation of haploidization dataa 

Assignment  of ure 1 to one of the defined l inkage groups 

* = Parental g enotypes 

lys 1 1u ra 1 

+ / - - / + Total 

ure 1 + 1 1 5 * 8 1 23 X 2 = 0 .03 1  

78  6*  84 P > 0 . 1 0  

to ta l  1 93 1 4  207 No l inkag e  

h is3 

+ Total 

ure 1 + 0'  1 2 3 1 23 Parenta l  and 

0 84 ' 84 recomb inan t  

to ta l  0 2 0 7  207 class absent. 

No l inkage 

ade6 

+ Total  

u re 1 + 1 22 '  1 23 X 2 = 203 

0 84' 84 P < 0 .005 

to ta l  1 22 85 207 L inkage 

a Data are the number of haploid segregants in  each of the four  possible g enotype 

classes 
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Table 1 0  cont .  

Assignment  of ure2 to one of the defined l inkage groups 

• = Pare ntal genotypes 

lys 1 1u ra 1 

+ / - - / + Total 

ure 2 + 1 57* 1 58 X 2 = 205 

0 48"  48 P < 0 .005 

tota l  1 57 49 206 L inkage 

his3 

+ Total  

ure2 + 3 1 ' 1 27 1 58 Excess of one 

28 20' 48 reco m bi n a n t  

to ta l  59 1 47 206 c lass ,  s im i l a r  

n u m bers of o ther  

classes. 

N o  l inkage 

ade6 

+ Total 

u re2  + 63' 95 1 58 X 2 = 0 .00 1  

1 9  29'  48 P > 0 . 1 0  

to ta l  82 1 24 206 No l i nkage 
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Table 1 0  cant .  

Assignment  of ure3 to one of  the defined l inkage groups 
" = Parental  genotypes 

lys l lu ra l 

+ / - - / + Total  

ure 3 + 1 7 1 • 0 1 7 1 X 2 = 207 

0 36" 36 P < 0 .005 

to ta l  1 7 1 36 207 Li nkage 

h is 3  

+ Total 

ure 3  + 5 1 - 1 20 1 7 1 Excess of one 

34 2- 36 reco m bi n a n t  

to ta l  85 1 22 207 class ,  low number of  

one  parental class. 

No l inkage 

ade6 

+ Total 

ure3 + 96- 75 1 7 1 Excess of one 

1 0  26- 36 parental and one 

to ta l  1 06 1 0 1 207 recombinant  c lass.  

No l inkage 



7 8  

Table 1 0  cont .  

Assignment  of ure4 to o ne of the defined l inkage groups 
• = Parental genotypes 

lys 1 1u ra 1 

+ / - - / + Total 

ure4 + 202·  0 202 X
2 = 208 

0 6· 6 P < 0 .005 

to ta l  202 6 208 Linkage 

his3 

+ Total 

ure 4 + 1 • 20 1  202 Excess of one 

0 6 '  6 c lass , which i s  

to ta l  207 208 recomb inan t .  

P robably no l i nkage 

ade6 

+ Total 

ure 4  + 99'  1 03 202 X
2 = 0 .95 

4 2 '  6 P >  0 . 1 0  

to ta l  1 03 1 05 208 No l inkage 



Table 1 1  

Fractiona l  viabi l i ty of spore tetrads used for the  l i nkage stud ies 

F ract io n a l  v iab i l i tya U nscoreable tetradsb 

Cross 4 / 4  3 / 4  2 / 4  1 / 4  0 / 4  ( %  } 

ure 1 - 1  h - x ade6 704 h+ 4 0  9 4 0 3 1 3 

X K  1 - 1 X h- x 2 1 7 1  2 5  1 7 7 1 0 1 6 

ure2- 1 h+ x /ys 1 - 1 3 1  h- 2 6  6 3 0 0 9 

ure2- 1 h - x 2 1 4 3 3 0  1 3 6 2 2 1 9 

ure3- 1 h - x 2 1 43 2 2  1 9 1 8 5 3 7  

ure3- 1 h+  x /ys 1 - 1 3 1  h - 4 3  1 5 7 2 0 1 3 

ure4 - 1 h+  x /ys 1 - 1 3 1  h- 3 0  6 2 0 0 5 

ure4 - 1 h - x 2 1 43 4 7  1 6 7 3 1 5 

a Fractiona l  viabi l i ty is the proportion o f  spores in each successfu l ly  d issected ascus 

that germ inated to form a co lony .  
b Unscoreable tetrads is the proportion of tetrads wi th less than th ree or fou r  viable 

spores. 
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Table 1 2  

L inkage Re lationsh ips 

Number  of  tetrads M ap d istance 

( c M )  

Gene Pair Cross PO N PO T axp bx 
ure 1 - fur 1  X K 1 - 1 X h- x 2 1 7 1  2 7  2 1 3 2 9 . 8  3 2  

ure 1 - ade6 ure 1 - 1 h+ x ade6-704 h- 2 6  3 2 0  

X K 1 - 1  X h- x 2 1 7 1 1 6 3 2 3  

Total = 4 2  6 4 3  4 3 . 4  5 0  

ure2 - ura2 ure2- 1 h- x 2 1 4 3 1 6 4 2 3  5 4 . 7  6 9  

ure2 - ade4 ure2- 1 h - x 2 1 43 1 1 5 2 5  6 7 1 0 0  

ure2 - ly5 1 ure2- 1 h+ x ly5 1 - 1 3 1  h 5 8 1 7 

ure2- 1 h- x 2 1 43 1 1 7 2 5  . 
Total= 1 6 1 5 4 2  • 9 0 > 2 0 0  

ure3 - ade4 ure3- 1 h- x 2 1 43 1 7 0 2 4  2 9 . 3  3 1  

ure3 - ura2 ure3- 1 h x 2 1 43 9 4 2 8  6 3 . 4  9 1 

ure3 - ly5 1 ure3- 1 h+ x ly5 1 - 1 3 1  h- 1 8 1 0 2 9  

ure3- 1 h- x 2 1 43 7 8 2 7  

Tota l=  2 5  1 8 5 6  8 2 . 8  
. 
> 2 0 0  __ _____ .� ......................... .... u.� .... ... ........ .. ...... . .... . . . . ... . . .. . . .... . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . ..... ......... . . ............... ......................................... ___ �_ 

ure4 - /y5 1 ure4 - 1 h+ x /y5/- 1 3 1  h- 9 3 2 4  

ure4 - 1 h- x 2 1 4 3 1 3 8 4 0  

Tota l=  2 2  1 1 6 4  t 6 7 . 0  t 1 0 0 

ure4 - ura2 ure4 - 1  h- x 2 1 43  1 0 7 4 3  7 0 . 8  1 1 5 

ure4 - ade4 ure4- 1 h- x 2 1 4 3  9 8 4 4  7 5 . 4  1 3 5  

axp = map d istance (cM) calcu lated us ing Perk ins ( 1 949) fo rmu la .  bx = map distance 

(cM)  corrected for mu l t iple crossovers (Munz et a/. , 1 989) . PO tetrads s ign i ficant ly 

exceed N P O  tetrads at the 1 % leve l ,  u n less marked. I f  marked n, P >  0.1 and i f  

m arked (t ) ,  0 . 1  > P >  0.05.  See text fo r deiai ls .  



3 S. POMBE UREASE PURIFICATION AND CHARACTERIZATION 

Factors wh ich  could affect urease assays a nd the yield of  u rease in crude extracts were 

i nvest igated. S. pombe urease was purified to homogenei ty ,  cha racter ized, and 

partia l ly sequenced . K inetic, structura l ,  and sequence data were obta ined for 

comparison with u reases from othe r  sources. 

3 . 1  Factors affectinQ the urease activity assay 

The u rease assay used was the method described by Wong and S hobe ( 1 974) .  Th is  

method was o rig inal ly used fo r measur ing the activity of jack bea n  and Morganella 

( Proteus) morganii urease . The appropriate urea concent rat ion and i ncubation t ime 

fo r m easuri ng S.  pombe urease activity were determ ined i n  the present study. 

Poten tia l  u rease inh ib itors were a lso i nvestigated . 

3 . 1 . 1  U rea concentration o f  the s ubstrate buffe r 

The u rea satu ration level of S. pombe u rease was dete rm ined to e nsure assays were not 

carried out at u rea concentrat ions that would l imit the react ion rate .  

S ubstrate buffers (0 .02 M phosphate ,  pH 7 .0) conta in ing va rious  concentrations o f  

u rea were used to assay t he  u rease activity of  a S. pombe 972 crude extract. The 

substrate buffe rs contained no EDT A ,  2-mercaptoethanol o r  sod ium azide. A l l  other  

conditions of the  standard assay remained the same.  Saturation of the u rease was 

achieved at 25 mM u rea (F igure 6 ) .  A u rea concentration of 50 mM was used for 

subsequent  substrate buffers. 

3 . 1 .2 U rease assay incubation t ime 

The incubation t ime used for the u rease assay was examined. Two minutes was the 

standard length of  incubation used by Wong and Shobe ( 1 974 ) .  Various incubat ion 

t imes were tested to dete rmine i f  S. pombe u rease act ivity was con stant ove r  two 

m i n utes .  

A l iquots of a S. pombe 972 crude ext ract were incubated in  s ubstrate buffer and  the 

reaction stopped by the addit ion of PN reagent  after 0 ,  30 , 60 ,  90 ,  o r  1 20 seconds 

incubation .  The amount of ammonia re leased by urea hydrolys is was determined. 
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F igure 6 

Urea saturation curve of S. pombe urease.  
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A crude extract of S. pombe u rease was assayed at u rea concentrat ions of 0 ,  1 ,  5 ,  1 0 , 

25 ,  and  50  m M  urea in 0 .02 M potass ium phosphate buffer ,  p H  7 .0 .  
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The reaction rate was constant  over two minutes (F igure 7) . Two m inu tes  i ncubation 

was u sed for subsequent u rease assays. 

3 . 1 .3 Effect o f  2-mercaptoethano l ,  E DTA, and sodium azide on  u rease activity 

E DTA and 2-mercaptoethanol  i ncrease the stabi l i ty of u reases but  may also be 

i nh ibi tors of u rease activity ( Mobley and H ausinger ,  1 989 ) .  Sodi u m  azide (0 .0 2%) 

is  often added to  buffers as a preservative (Scopes, 1 987) . The  effect of  inc luding 

1 mM E DTA, 1 mM 2-mercaptoethano l ,  and 0 .02% sodium azide in the substrate 

buffe r was tested. The urease act ivi ty of a 972 crude extract was assayed in the usua l  

substrate buffer with the fo l lowing modif ications :  a)  no E DTA, 2 -mercaptoethano l  and 

sod ium azid e ;  b) no sod ium azide ;  or c) a l l  components inc luded.  S im i lar levels of  

activ i ty were observed i n  a l l  buffe rs.  Sodium azide (0 .02%) , E DTA (1  mM)  and 2 -

mercaptoethano l  (1  mM) were added to  extraction and substrate buffers i n  subsequent 

e xpe r imen t s .  

3 . 2  P reparation o f  the crude ext ract 

The fol lowing factors wh ich could affect the yield of urease recovered i n  crude ext racts 

were i nvest igated: the  ce l lu la r  location of u rease activ ity ; t he  i nc l usion of urea, 

n icke l ,  and m anganese in  the g rowth med ium ;  u rease isozymes ; the g rowth -phase of 

the cu ltu re ; the method of cel l d isruptio n ;  and the inc lus ion of  the protease inh ib itor 

pheny lmethy lsu l fony l  f luoride ( P M S F) i n  the extraction buffer .  

3 . 2 . 1  Locat ion of U rease Activ ity 

The cel l u lar  location  of S. pombe u rease was determ ined by fract ionat ing a cul ture of  

972 by f i l t rat ion and centri fugation .  An a l iquot of an early stat iona ry-phase 972 

cu l tu re was f i l tered th rough a 0 . 45  �m pore-size membrane  f i l ter .  The  fi l trate was 

kept for ana lys is (sample 1 )  and the rest of the cu l ture was cen trifuged (6 ,000 g ,  five 

minutes ,  4 °C) .  The cell pe l let was resuspended in PEB and washed by shaking 

vigo rously for five m inutes . An a l iquot of the ce l l  suspension was fi l tered as above and 

the f i l trate was kept for ana lysis (sample 2) .  The rest of the cel l  suspension was 

centr ifuged as above.  The cel l  pel let was resuspended in  P E B  and an a l iquot was kept 

fo r a n alysis (sample 3) .  The rest of  the cel ls were disrupted by two passes through a 

French pressu re ce l l  and centrifuged as above. An a l iquot of the  supe rnatant ,  wh ich 

wou ld  h ave contained o rgane l les ,  membranes and ce l l u la r  debris, was kept for ana lysis 

(sample 4 ) .  The remainder of the supernatant was u ltracen tr i fuged 
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Figure 7 .  

T he activity of S.  pombe urease over a two m inute t ime  cou rse.  
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A crude extract of S. pombe urease was assayed using the standard method with the 

fo l lowing incubation t imes :  0 ,  30 ,  60 ,  90 ,  and 1 20 seconds.  
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( 1 1 0 ,000 g ,  o n e  hour ,  4 OC) to remove a l l  part iculate m atter ,  i nc lud ing  membranes.  

A clear supernatant ,  a ge lat i nous pel let ,  and  a very th in  pe l l ic le were obta ined.  The 

pel let  was resuspended in  PEB (sample 5 )  and the supernatant  was kept for  ana lysis 

(sample 6) .  Al iquots of each sample were assayed for urease activi ty .  The u rease 

activi ty was associated with the so lub le ,  non-part icu late fract ion of t he  cytoplasm 

(Table 1 3) .  

3 .2 .2 S. pambe urease isozymes 

The presence of mu lt iple forms of S. pam be urease was i nvest igated.  A crude extract of 

S. pambe 972 was examined by n ative- PAG E .  The gel was stai ned for u rease activity. 

One band of u rease act ivity was observed (F igure 8) . This ind icates that probably a 

s ing le u rease was present ,  a l though the possib i l i ty of mu l t ip le fo rms wi th  the same 

e lectrophoret ic mobi l i ty cannot be d iscounted. 

3.2.3 Effect of urea , n ickel su lfate ,  and manganese su lfate on  the y ie ld of u rease 

ac t i v i t y  

Urea ,  n icke l su lfate , and manganese su lfate, when included i n  t h e  cu l tu re medium ,  can 

increase the y ie ld of u rease activity in crude extracts of some m icroo rgan isms (eg .  

Bast, 1 988 ; Kakimoto et al. , 1 990 ;  Rando et  al. , 1 990) . The effect of these substances 

on the y ie ld of S. pambe urease was tested . Crude extracts were prepared from 

cu ltu res of S. pambe 972 g rown in  YE with the following addit ives : a )  no u rea (the  

usua l  VEl ; b) 0 . 1% urea ; or  c )  0 . 1  % urea ,  0 .005% MnS04 . 4 H 2 0 and  0 .005% N iS04 . 

No s ign ifican t  d i fference in  the tota l  u rease activ ity of the extracts was observed. The 

speci fic activity was not d i rectly determ ined ;  however, the same n u m ber of cel ls and 

the same deg ree  of ce l l  d isruption was observed for each treatment .  

3 .2 .4  Growth phase of the  cul ture 

The effect o f  the  growth-phase of a cu l ture on the y ie ld of u rease act iv i ty was 

invest igated. C rude extracts of S. pam be 972 were prepared from a s tat ionary-ph ase 

cu l tu re (40 hou rs i ncubat ion ,  1 08 cel l s/m l )  and from a log -phase  cu l tu re ( 1 5  h ours 

i ncubation , 1 07 cel ls/m l ) .  The total urease act ivity per vo l u m e  of  cu l t u re was a bout 

five- fo ld  g re ater  in the stat ion ary -phase cu lture extract .  
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Table 1 3  

U rease activity in  a f ractionated S. pombe ce l l  e xtract. 

Sample Fract ion  Tota l  Act iv i ty(U) 

1 Cul ture med ium Nt>. 
2 Wash buffer Nt>. 
3 Washed cel l  pe l let  (whole cel ls) 5 5  

4 Crude lysate 9 3 4  

5 Ce l l  debr is ,  parti cu late fractio n 7 

6 Sol ub le non -pa rt i cu l ate fract ion 9 4 3  

Deta i ls a re i n  the text .  Activ ity is expressed in un its of e nzyme activi ty,  one un it i s  

the amoun t  o f  enzyme which hydrolyzes 1 )l mol  o f  u rea/m in .  Tota l  activity 

calcu lat ions are for the entire amount of m ateria l  that would have been present i n  each 

fract ion and were adjusted for the amount of material removed for samples .  NA = no 

activ i ty detected. 
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Figure 8 

Native- PAGE of S. pombe crude u rease extract stained for u rease activity. 

I • 

The S. pombe crude extract sample contained 200 �g prote in .  The non-denatur ing 

(native) separati ng gel was 6% acry lamide .  Urease activity was v isual ized by using a 

specific u rease sta in  ( Mater ia ls and Methods 4 . 1 2) .  
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3 .2 .5  M ethod of ce l l  d isrupt ion 

U lt rasound ,  g lass-bead,  and French press methods of  d isrupting S. pombe ce l ls were 

compared. S. pombe 9 72 cu l tures were washed with water, resuspended in  P EB and 

disrupted by one  of the m ethods be low . Ce l l  disruption with u ltrasound was done with a 

Soniprep 1 50 (MSE) apparatus us ing the 9 .5 m m  p robe .  The fo l lowing seri e s  of  

energy pulses was used : f ive m inutes at ampl i tude 22,  fo l lowed by five m i n u tes ,  1 5  

m inutes, and ten m inu tes at ampl i tude 26 ,  with a one m inute pause between pulses . 

The extract was kept o n  ice throughout the procedu re to ensure it did not heat .  Glass 

bead ce l l  d isru ption was carr ied out by adding g l ass beads (BD H ,  80 mesh) to a cel l  

suspension in a bot t le  so that a lmost a l l  of the suspension was fu l l  of beads. T he bott le  

was s haken by hand for four  m inutes at 4 °C .  The g lass beads were removed by vacuum 

f i l t rat ion t h rough Whatman n u mber  54  f i l ter paper  and  washed twice with a smal l  

vo lume of  ice-co ld P EB .  French press ce l l  disrupt ion was carried out as described in  

M aterials and Methods 4 .4 .  The  son ication and French press methods produced extracts 

with s im i la r  amounts of .d isrupted ce l ls  and urease activ i ty .  Disruption by g l ass beads 

produced g reater cel l  breakage but less than one fifth of the total  activity and the total 

prote i n  obtai ned by the other two methods . The F rench press was used for a l l  

subsequent  urease preparatio ns .  

3 . 2 .6 Pheny lmethy l su lfony l  f luor ide ( PMSF) p rotease i n h ibito r .  

PMSF is often included in  extraction buffe rs to reduce the digest ion of  prote i ns  by 

proteases re leased from d isrupted cel ls .  The effect of PMSF on the yield of  u re ase 

activity was tested. Crude ext racts were prepared in ext ract ion buffers ( P EB) 

con ta i n ing no P MSF, or  conta in ing 0 .02 mM PMSF.  A 0 . 1  M PMSF stock solu t ion i n  

95% ethanol  was used. PMSF did not affect the y ie ld of u rease activity or the e nzyme 

stabi l i ty .  Without P M S F, the e nzyme retained over 90% of orig ina l  act iv i ty a fte r 

sto rage for seven days at 4 °C o r  overnight at 1 8  - 22 °C . PMSF was not inc luded in  

subsequent crude extracts . 

3 .3 Affin ity column puri f ication of S. pombe urease 

Affi n ity chro matography by us ing hydroxyu rea-de rivat ized resins has been s u ccessful 

in purifying u reases f rom a variety o f  sources (Wong and Shobe , 1 974;  Shobe and 

B rosseau ,  1 974 ; Mendes et al. , 1 988 ; Creaser a nd Porter ,  1 985) . Three aff in i ty 

resins were p repared and used in tr ia l purificat ions of jack bean ( Canavalia 

ensiformis) and S. pombe urease. Jack bean urease was used as a model enzyme  to test 
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t he  affi n i ty resins because it was readily avai lable in  crude form (BOH) and had 

previously been purif ied by aff in i ty chromatography (Wong and Shobe, 1 97 4 ;  S hobe 

and B rossea u ,  1 974 ; M endes et al. ,  1 988) .  

3 . 3 . 1  Oxirane Hydroxyu re a  Agarose (OHA) 

An affi n i ty adsorbent w as prepared by in troducing a reactive ox irane g roup i nto a 

beaded agarose matrix (Sepharose 4B ,  Pharmacia) . The N H2 g roup of hydro xyurea was 

t hen  coupled to the ox i rane-agarose ( Figure 9 ;  Materia ls  and Methods 4 .6 . 1 ) .  The 

deg ree of activation of  the g e l  m atr ix was 0 .59 mmol ox i rane per g ram (dry weight) of  

g e l ,  a lthough the subst i tut ion with hydroxyurea may have bee n considerably less than 

th is ( M ater ia ls and Methods 4 .6 . 4 ) .  

A crude jack bean extract was  appl ied to an  OHA col umn  (8 . 5  cm x 1 .6 cm )  and e l uted 

wi th 40 ml of  0 .02 M or 0 . 002 M phosphate buffer (pH 7 .0 )  conta in ing 1 m M  

2 -mercaptoethanol (0 .02 M P B  or 0 . 002 M PB ,  respect ively ) . The co lumn was 

equ i l ibrated in  the e lut ion buffer before use and the jack bean extract was prepared in 

buffer with the same phosphate concentration and pH as the equi l ibration buffer .  The 

u rease activ ity was e luted at an  eff luent vo lume of 1 4  m i s ,  wh ich is less than the total 

vo l u m e  ( 1 7 m l )  of the co l u m n .  No fu rther activity was e l uted when the e lu t ion buffer 

strength and acidity were increased to 0 .2  M PB pH 4 . 6 ,  or 0 .4  M PB pH 4 . 6 .  

U re as e  m ay be  inactivated by  phosphate a t  low pH (Mobley and  Hausinger, 1 989) .  

Therefore, e luted u rease m ay h ave been inactivated by 0 . 2  M P B  p H  4 . 6  and 0 .4 M P B  

pH 4 . 6 .  T o  test for inactivat ion ,  jack bean urease was d i l uted i n  the e lu tion buffe rs and 

assayed for activity. A jack bean extract in 0 .002 M PB was d i luted ten fold with 

0 . 02  M PB ,  0 . 2  M PB pH 4 .6 or 0 .4 M PB pH 4 .6 .  The activity of the di luted enzyme 

was assayed i n  the usual  assay buffer. The activity of urease d i luted in 0 .2  M PB pH 

4 . 6  and  i n  0 .4  M PB pH 4 .6  was 84% and 7 1  %, respective ly ,  of  the activ ity o btained 

i n  0 . 02 M PB pH 7.0 .  T h e  reduction i n  activity was not s uffic ient  to prevent the  

detect ion of u rease activity i n  t he  co lumn eff luents. 

I nh ib i t ion of  u rease by hydroxam ic acids is prog ressive with t ime  (Kobashi et al. , 

1 962) . The inh ibitory g roup of hydroxamic acids is the same  as that of hydroxyurea 

( -CON HOH)  so binding to the affi n ity resin may occur slowly . The binding of jack bean 

u rease to the OHA column  was not  improved by delaying e l ut ion u nt i l  one and a hal f  

hours after the enzyme was loaded into the co lumn .  
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F igu re 9 .  

St ructu re o f  adsorbents made for affi n i ty chromatography pur i ficat ion o f  u rease 

Oxirane Hydroxyurea Agarose ( OH A) 

agarose-O-CH2-CH-CH2-0-(CH2)4-0-CH2-CH-CH2-NH-CO-NH-OH 
I I 

OH OH 

Aminocapry l ic acid Hydroxyu rea Agarose (AHA) 

agarose-NH -(CH2)7-CO-NH-CO-NH-OH 

Ethy l enediam ine  Ethylenediam ine Hydroxyurea Agarose ( EHA)  

9 0  

agarose-NH-(CH2)2-N H-CO-(CH2)2-CO-NH-(CH1)1-N H-CO-(CH2)2-CO - N H-CO-NH-OH 

T h e  l igand portion of  the adsorbents ,  derived from hydroxyurea ,  are underl i ned .  



3 .3 .2  Am inocapry l ic acid hydroxyurea agarose (AHA) .  

U rease spe cifically binds to caprylohydroxamic acid , one o f  the most  potent speci fic 

i nh ib i tors o f  u rease ( Kobashi et al. , 1 962 ;  Hase and Koba sh i ,  1 96 7) .  An aff in i ty  

adsorben t  wi th a structu re s im i la r ,  bu t  not identica l ,  to capry lohydroxamic acid was 

prepared .  Am inocaprylic acid was in t roduced into Sepharose C L6 8  ( Pharmacia) . 

H yd roxyurea was coupled to t he  am inocapry l ic acid-agarose  ( Fig u re 9 ;  Materia ls and 

M ethods 4 .6 .2 ) .  The degree o f  derivat ion of the agarose m atr ix  wi th  caprylic acid was 

0 .5 7  m i l l i equ ivalents per g ra m  dry we ight  and good s ubstitu t ion  w i th hydroxyurea 

was i ndicated by the 2 ,4 ,6 - t r in itrobenzenesu lfonate-borate co lor  test  ( M ater ia ls  and 

Methods 4 .6 .4 ) .  

Crude extracts o f  jack bean and  of  S .  pombe 972 were passed th rough  a column o f  A HA 

us ing the  e l u t ion conditions described fo r the OHA matr ix .  No binding of urease 

activity occu rred. 

3 .3 .3  E thy lenediamine-ethy lenediam ine Hydroxyurea Agarose ( E HA) . 

A th i rd a ff in ity co lumn was made by in troducing ethylenediam ine  into Sepharose C L68 

and s ucciny lat ing the resu ltant am inoethy l -agarose. A second reaction with 

ethy lenediamine and subsequen t  succiny lation were done to produce a matrix with a 

1 6- un it s ide  chain .  The resu l tant  m atr ix was reacted with hyd roxyu rea to form the 

EHA affin i ty resin ( Fig ure 9 ;  M ater ia ls and Methods 4 . 6 .3 ) .  The degree of  s ubstitut ion 

of  the agarose by the 1 6- unit side chain was 0 .23 mmol per g ra m  d ry weight and good 

subst it u t ion  w ith amine derivat ives (hydroxyu rea or u nsu cc iny l ated ethy lene 

d iam ine )  was indicated by the 2 , 4 , 6 - t r in i t robenzenesu lfo n ate-bo rate co lor  test 

( M ater ia ls  and Methods 4 .6 . 4 ) .  

A crude j ack bean extract was appl ied t o  a co lumn of  E H A  ( 7 . 5  cm x 1 . 6 cm) .  The 

co l u m n  was then extensively washed wi th 0 .02 M PB and f ract ions were monitored for 

u rease activity. No u rease activity was e luted. When the e l u t ion bu ffer  was changed to 

0 . 2  M P B  pH4 .6 urease activity was e l u ted as a s ing le  peak ( Figu re 1 0) .  No fu rther  

activi ty was e lu ted when the e lut ion buffe r was changed to 0 .4 M PB pH 4 .6 .  The most 

active f ractions ,  con taining abo u t  80% of the total e lu ted activity, w e re poo led . The  

specif ic activity o f  t he  pooled fract ions was 21 .6  U/mg .  A 3 .2 - fo ld  increase in pu rity 

was achieved. A second pass th rough the co lumn increased the  specific activity to about 

1 70 U/mg protein .  This specific activity is  wel l below the va l ue  expected for a 
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Fig u re 1 0  

E 

Purif icat ion of jack bean  urease by EHA affin ity ch romatography with 0 . 2  M P B  

e l u t i on  
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A crude jack bean e xt ract was appl ied to an EHA column and washed with 0 .02 M P B  

(pH 7 .0 ) . The  u rease activity was el uted with 0 .2 M P B  pH 4 .6 .  
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homogeneous preparat ion of urease pu rif ied by aff in ity ch romatography us ing th is  

adsorbent (3 ,000 U/mg ;  Shobe and Brosseau, 1 974) . J ack bean urease pu rif ied by 

two passes through the co l umn  was examined by S DS-PAGE.  The urease subunit was a 

sma l l  fract ion of the  tota l  prote in .  

9 3  

A l inear g radient of 0 to 50 m M  urea (200 m l  tota l  vol u m e) was used to e lute a crude 

jack bean extract from the EHA column ( Figure 1 1 ) . The u rease activity was e luted as  a 

s ing le peak at about 0 .2  m M  u rea.  The pH of the e luted fractions  rose as high as pH 9 .3 ,  

d u e  t o  t h e  action o f  u rease o n  the e lu tion buffer. T h e  most active fractions  were 

examined by SDS-PAG E .  The  urease was st i l l  a minor component of the total protein in  

t he  preparat ion (F igu re 1 2) .  

Jack bean u rease has previously been pu rified to homogeneity using a n  E HA adsorbent 

(Shobe a nd Brosseau,  1 974 ) .  The jack bean urease appl ied to the co l umn  was more 

pure (specif ic activity 1 20 U/mg) · than the crude e xtract used in th is study (specif ic 

activity about 5 to 7 Ulmg) .  To test whether the EHA co l umn  wou ld be u sefu l in 

pu rify ing an extract conta in ing less contam inant prote i n ,  a crude jack bean e xtract 

was f i rst part ia l ly purif ied by DEAE-Sepharose ion-exchange chromatog raphy ,  and 

then passed th rough the EHA column .  

A crude jack bean e xtract was appl ied to  a DEAE-Sepharose co lumn (30 cm x 1 .5 cm ,  

equi l i brated in  0 .02 M PB) and e luted with a 0 to 30  mM NaC I  l inear g radien t  (800 

m l  tota l  vo l ume in PEB buffer) .  Effl uent  fract ions were monitored for u rease activ i ty  

(F igure 1 3) .  The most  active s ix  fract ions together com prised 64% of  the total 

activity and had an average specific activity of 68 U/mg , represent ing an increase in 

pu rity of about 15 fo ld over the crude extract (4 .6 U/mg) .  These fract ions  were 

poo led, then concen trated and desalted by u l t raf i ltration (XM 50 membrane,  Amicon ) .  

An  al iquot o f  the concen trated fract ions was appl ied t o  the EHA co lumn and elu ted with 

0 .2  M PB pH 4 .6 ,  as before . The absorbance profi le  ind icates that a sma l l  amount of 

non-urease material was separated from the enzyme ( F ig ure 1 4) ,  a l thoug h  the 

specif ic activ ity o f  the most active fraction was on ly  26 .4  U/mg . Probably loss o f  

activity h ad occurred .  The  EHS col umn  did not sig nifican tly improve t he  pu rity of  t he  

part ia l ly  pu rif i ed jack bean  u rease.  

Sum mary 

Ox i rane -hydroxyure a-agarose (OHA) and aminocapryl ic acid-hydroxyu rea-agarose 

(AHA) did not b ind u rease.  Ethylenediamine-ethy lenediam ine-hydroxyu rea-agarose 



F igu re 1 1  

Purificat ion of jack bean u rease by E HA affin i ty chro matog raphy us ing u rea g radient 

e l u t ion .  
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A crude jack bean extract was applied to a E HA co lumn and washed with 0 .02 M PB (pH 

7 .0 ) .  The u rease act iv i ty was e lu ted wi th  a l inear u rea g radient  (0 - 50 mM) .  
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F igu re 1 2  

SOS-PAGE of  jack bean u rease purif ied by E HA affin i ty chro matography us ing u re a  

g radient e lu t ion .  

A B 

A 7 .5% acry lamide separat ing ge l  (SOS-PAGE) was used and proteins were visual ized 

by si lver sta i n i ng .  (A) crude jack bean u rease extract ;  (8) most active fractio n  

(compris ing about 85% o f  t h e  total act ivity recovered) e lu ted from E HA b y  a u re a  

g radient .  T h e  band correspond ing t o  the size expected for jack bean urease (96,600 by 

S OS-PAGE ,  Andrews ef al. , 1 984) is marked by an arrow. 
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F ig ure 1 3  

Purif ication of  jack bean u rease by D EAE-Sepharose ion-exchange chro matography. 
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Crude jack bean ext ract was appl ied to a D EAE-Sepharose column and urease activity 

was e l u ted with a l i near  0 - 30 mM NaCI gradien t  in PEB .  
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F igu re 1 4  

.� 

Purif icat ion of part ia l ly purif ied jack bean u rease by EHA ch romatog raphy. 
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Jack bean  u re ase was part ia l ly pur i fied by DEAE-Sepharose ion-exchange and the n  

appl ied t o  a n  EHA col umn .  T h e  co lumn was first washed with 0 . 02  M PB ( p H  7.0)  and 

th en the urease activity was e l uted with 0 .2 M PB pH 4 .6 .  
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( EHA) d id b ind urease but wi th poor specificity . Many o ther  prote ins also co-e l uted 

with u rease and the deg ree  of pu rification was less than that obtained by convent ional 

i on -exchange chromatography .  The majo rity of contam ina nts which co-e l uted with 

u rease from D EAE-Sepharose a lso co-e lu ted with u rease from E HA. 

3 .4 P recipitation and ion -exchange purification of S. pombe urease 

Acetone  and ammon ium su lfate precipitat ion ,  and D EAE-Sepharose (column  

ch romatography) and  Mono-Q ( Fast Protein Liquid Ch ro matography) ion -exchange 

were opt imized and used fo r the pu rification of S.  pombe urease . 

3 .4 . 1  Acetone Prec ipitat ion 

C rude extracts of S. pombe 972 were part ia l ly puri f ied by precipitation with acetone 

( M ater ia ls and Methods 4 .7 . 1 ) . The crude extracts had protein concentrations  with in 

the opt imum range for precipitat ion by organ ic so lvents (5 - 30 mg/m l ;  Scopes,  

1 987) .  Most of  the u rease activity was precipitated i n  the 50-60% acetone f raction .  

Typical data are presented i n  Table 1 4 .  Occasiona l ly  hig h levels o f  activity were 

precipitated i n  the 4 0-50% acetone fraction (Preparation 3 i n  Table 1 4) .  The pH of 

the  crude e xtracts was sometimes as low as pH 6.2. When the pH was increased to pH 

7 .0 ,  with a few drops of potassium hydrox ide , l i t t le urease act ivity precipitated in  the 

4 0 -50% fract i on .  

3 .4 . 2  Ammon ium Su lfate Precipitation 

Tr ia l  ammon ium sulfate precipitations were carried out on S. pombe crude ext racts 

(Mater ia ls and Methods 4 . 7 .2 ) . The protei n concen tration of crude extracts was above 

the  m in imum concentrat ion recommended fo r ammon ium su lfate precipitat ions 

(1  mg/m l ;  Scopes,  1 987 ) .  The fo l lowing two ser ies of p recipitat ions were don e :  

0 -30%,  30-50%,  5 0- 70% ; a n d  0 -35%,  35 -45% ( %  = % satu rat ion w i th  

ammon ium su lfate at 0 OC) .. The  best specific activity was obtained wi th  the 35-45% 

sa tu ra t ion  fract ion (Tab le 1 5) .  

3 .4 .3  Acetone precipitat ion fo l lowed by  ammon ium su lfate precipitation 

S. pombe u rease preparation s  parti a l ly pur i f ied by aceton e  precipitation (50-60% 

acetone fract ion) were d i luted to a protein concentration of  about 5 mg/m l and 

precipitated with ammonium su lfate . The fo l lowing se ries of precipitations  was used: 

9 8  



F ract ion Tota l  Act iv i ty Total P rote in  Specif ic Act iv i ty P u r i f i ca t i o n  Yie ld 

( U ) ( m  g )  ( U / m g )  ( - f o l d )  ( % )  

2 3 2 3 2 3 2 3 2 3 

Crude Lysate 8 5 . 5  4 6 5  1 , 0 0 0  6 3 6  2 , 6 3 2  6 , 0 3 2  0 . 1 3  0 . 1 8  0 . 1 7 1 0 0 1 0 0 1 0 0 

0-40 % Acetone 2 . 4  NO NO 2 5 7  NO NO 0 . 0 1  NO NO 0 . 08 NO NO 2 . 8  NO NO 

40-50 % Acetone 3 . 3  NO 7 5 3 7 5  NO 7 9 5  0 . 04 NO 0 . 9 5  0 . 3 1  NO 5 . 5 9  3 . 9  NO 7 5 .3 

50-60 % Acetone 6 5 . 6  2 8 1  NO 5 3  2 1 0 NO 1 . 24 1 . 34  NO 9 . 54 7 . 4  NO 7 6 . 7 6 0 . 4  NO 

60-70 % Acetone 1 . 6 NO NO 9 NO NO 0 . 1 7  NO NO 1 . 3 1  NO NO 1 . 9  NO NO 
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Fract ion Tota l  Act iv i ty Total Prote in  

(U / mg) ( mg) 

Crude 3 4  1 1 2 

0 -40% satu rat io n  0 . 2 2  0 . 9  

30 -50% satu rat ion 2 6 . 1  3 7  

50 -70% satu ra t ion  0 . 1 7 1 9 

F ract ion  Tota l  act ivity Total prote in  

( U ) ( m g )  

2 2 

Crude 4 3 . 1  5 9 . 5  1 5 4 2 6 0  

0 -35% satu ra t ion  2 . 2  1 2 . 6  1 2 . 7  5 4 . 5  

35 -45% satu rat io n 2 0 . 8  3 9 . 5  1 2 . 3  3 3 . 1  

Supern atant of 45% 9 . 6 4 . 74 8 0 . 6  1 2 7 . 1  

sa tu ra t ion  

Sp Act ( U/mg) P u r i f i ca t io n Y i e l d ( % )  

0 . 3 0  1 . 0 1 0 0 

0 . 2 4  0 . 8  0 . 6  

0 . 7 1  2 . 4  7 6 . 8  

0 . 0 1  0 . 0 3  0 . 5  

Sp act ( U/mg) Pu r i f i ca t i o n  Y ie ld  (%) 

( - f o l d )  

2 2 2 

0 . 2 8  0 . 2 3  1 . 0 1 . 0 1 0 0 1 0 0 

0 . 1 8  0 . 2 3  0 . 6  1 . 0 5 . 1  2 1 . 2  

1 . 6 9  1 . 1  9 6 . 0  5 . 2 4 8 . 3 6 6 . 4  

0 . 1 2  0 . 0 4 0 . 4  0 . 2  2 2 . 3  8 . 0 
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0-35% , 35-45%,  45-55%, 55 -65% , 65-80% saturat ion w i t h  a m m o n i u m  su lfat e .  

The  35-45% s aturation fract ion gave good purif ication of u rease , a l though t h e  y ie ld 

varied between preparat ions. Typical data are presented in  Table 1 6 . 

3 .4 .4 l on -exchange pu rificat ion of S. pombe u rease 

lon-exchange chromatography us ing D EAE-Sepharose was used to  purify S. pombe 

urease to near  homogeneity . Fast P rote in  Liquid Ch romatography (FPLC)  ion

exchange was u sed as a f ina l  purification step with u rease preparat ions that contained a 

s ig n if icant amount  of contaminant prote in after the D EAE-Sepharose puri fication step.  

3 . 4 .4 . 1  D EA E-Sepharose pu rificat ion 

Partia l ly  pu rified S. pombe u rease ( Resu lts 3 .4 .3) was appl ied to a DEAE-Sepharose 

col umn  (8 cm x 1 .6 cm) . The col umn  was washed with 0 .2  M NaCI  in PEB (0 .2 M 

PEBS) and then the urease activity was e luted with a l i near  g rad ient  of 0 .2 - 0 .35 M 

NaCI i n  P EB (Materials and Methods 4 .7 .3 ) .  The most active effl uent fractions ,  

conta in ing about  80% of the e lu ted activity , were pooled. The pu rif ied urease had a 

specif ic activity of 709 U/mg and the purification facto r was 3 ,939 -fo ld . Typical data 

are presented in  Figure 1 5  a nd Table 1 7. 

The  comb ined fract ions were concent rated by u ltraf i l trat ion (Amicon  XM50 

membrane) and analyzed by nat ive- PAGE us ing protein and u rease activity sta ins 

(Materials and Methods 4 . 1 2 ) .  The urease preparation conta ined one major active 

band and a few barely detectab le contaminants ( Figu re 1 6) .  

3 .4 .4 .2  F P LC-Mono-Q pu rificat ion 

Some u re ase preparations purif ied by the above method contained a s ign ificant amount 

of contaminant  protei n .  A second,  ident ica l ,  D EAE-Sepharose ion e xchange step 

improved the pu rity of these preparat ions ;  however,  it was necessary to use another 

pu rif icat ion step to remove al l  contaminant prote in .  The l ikely cause of poor 

pu rificat ion was the dete rio ration of the DEAE-Sepharose. Subsequent  to the observed 

poor  pur i fication ,  the urease binding capacity of the D EAE-Sepharose co lumn 

dramatica l ly  decreased, despite efforts to  regenerate the  res in  accord ing to  the 

m a n u fact u rer 's  instruct ions .  



Fract io n Total act iv i ty ( U)  Tota l  prote in ( mg)  Sp act (U/mg) P u r i f i ca t i on  ( - fo l d )  Y ie ld (%)  

2 3 2 3 2 3 2 3 2 3 

50-60% acetone 4 2 . 1 3  2 1 9  6 5 3  3 4  1 6 3 6 9 0  1 . 2 4  1 . 34 0 . 95 1 . 0 1 . 0 1 . 0 1 0 0 1 0 0 1 0 0 

0-35% (NH4l2S04 3 . 38 NO 5 5  1 . 4 NO 4 0 . 7  2 . 4 1 NO 1 . 3 6  1 . 9 NO 1 . 4 8 . 1  NO 8 . 4  

35-45% (NH4l2S04 2 8 . 4 3  2 0 5  2 7 0  1 . 6 7 . 7  1 7 . 6  1 7 . 7 6  2 6 . 4 0  1 5 . 34 1 4 . 3  1 9 . 7  1 6 . 1  67 . 5  9 3 . 6  4 1 . 3 

45-55% (NH4)2S04 0 . 3 8  NO NO 3 . 5  NO NO 0 . 1 1 NO NO 0 . 09 NO NO 0 . 9  NO NO 

55-65% (N H4)2S04 0 . 1 5  NO NO 7 . 5  NO NO 0 . 0 2  NO NO 0 . 02 NO NO 0 . 4  NO NO 

65-80% (NH4l2S04 0 . 03 NO NO 4 . 2  NO NO 0 . 0 0 7  NO NO 0 . 0 0 6  NO NO 0 . 1  NO NO 



Fig u re 1 5  

Pur i ficat ion of S. pombe u rease by D EAE-Sepharose ion-exchange ch romatog raphy 

-
E ....... � 

� 
> 
t> 
III 

Q) 
I/) 
III 
Q) .... 

� 

E ....... � 

� 
> 
t> 
III 
Q) 
I/) 
III 
Q) .... 

� 

1 .0  

1 2  

1 0  
0.8 

8 0.6 

6 

0.4 

4 

0.2 
2 

• 
0 0.0 

0 2 0  4 0  6 0  8 0  1 0 0 1 2 0 

Effl uent vo lume ( m ls )  ----0-- Urease act ivity 

.... . . . .... . . ..... Absorbance 

1 2  

1 0. 5  
1 0  

8 0 .2 M PEBS e lut ion 
9.5 

6 
gradient e lu t ion 

4 started 
8 .5  

� 2 

o . . . . . . . . . . . . . . eeee· d· 1J1. 1J1. 1J1. :::I. ':I[.;K.",,·X·:r:·Ia·IO· G· d· !L.--L----'-..Iltzlt:·o· e· e· e· r:J. ::fl. ::fl. Jd. .  7.5 
o 2 0  4 0  6 0  8 0  1 0 0 1 2 0 

Effl uent  yo l ume ( m ls )  

----0-- Urease activity 

• Conductivity 

1 0 3 

E 
c 

0 
0) 
� 
Q) 
() 
c 
III 
-e 
0 
I/) 
..0 
<l:: 

0 
I 
� 
E 

� 
.� 
t> 
:J 
\J 
C 
0 

<-) 

S. pombe urease, part ia l ly  p u rified by acetone and ammo n i u m  su lfate precipitat ions ,  

was appl ied to a DEAE-Sepharose col umn ,  washed with 0 .2 M P EBS and then the u rease 

activity was e l uted wi th a 0 . 2  M - 0.35 M NaCI l inear  gradien t .  
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Table 1 7  

D EAE-Sepharose ion-exchange purification of S. pombe u rease 

F ract i o n  Total act iv i ty Total  P ro tein Sp Act P u r i f i c a t i o n  Y ie ld  

( U ) (mg) ( U / mg) ( - f o l d) ( % ) 

C rude ex t ract 2 5 2  1 4 2 8  0 . 1 8 1 0 0 

Acetone precip .  1 5 2 1 1 3 . 8  1 . 3 4  7 . 4 0  6 0 . 3  

( N H 4) 2S 04 p recip. 1 4 3 5 . 4 0  2 6 . 4 0  1 4 6 . 7 5 6 . 7  

DEAE - Sepharose 8 5 . 5 0  0 . 1 2 7 0 9  3 9 3 8 . 9  3 3 . 9  

A crude ex t ract of S. pombe was pu rified to near homogeneity by acetone precipitation ,  

a m m o n i u m  su lfate precipitat ion a n d  D EA E-Sepharose ion -exchange .  Abbreviat ion s and 

defi n i t ion o f  u n its are the same as fo r Tables 1 4  and 1 5 . 
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F ig u re 1 6 . 

Native-PAG E of S. pombe u rease purified  by acetone precipi tat io n ,  ammonium s ulfate 

precipitation and DEAE-Sepharose ion-exchange ch romatography 

The  separat i ng  gel was 6% polyacry lamide without SOS (native-PAGE) .  S. pombe 

u rease was p urif ied by acetone precipitat ion ,  ammon ium s u lfate precipitat ion and 

D EAE-Sepharose ion -exchange column chro matography. The amount of p rotein loaded 

per  lane was as fol lows : (A) 1 .5 /.1g crude e xtract ; (8) 3.0 /.1g crude ext ract ; (C) 1 .5 

J.lg aceton e  p recipitate ; (0 )  3.0 J.lg acetone  p recipitate ;  (E )  1 .8 J.lg ammon ium su l fate 

precipitate ;  ( F )  3 .6 J.lg ammon ium su lfate precipitate ; (G) 0.6 J.lg pooled D EAE

Sepharose c hromatography fract ions ;  (H)  1 .2 /.1g pooled O EAE-Sepharose 

ch romatography fractions ;  ( I )  1 .8 J.lg poo led O EAE-Sepharose chromatog raphy 

fraction s ;  ( J )  3 . 0  /.1g crude e xtract ; ( K) 3 . 6  /.1g ammon ium su lfate precipi tate;  ( L) 

0 .6  J.lg poo led D EAE-Sepharose chro matog raphy fractions .  Prote ins i n  lanes A to I 

were v isual i zed by s i lver stain ing .  U rease activity i n  lanes J ,  K ,  and L was v isual ized 

by the  specif ic u rease activity sta i n i ng m ethod. 
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FPLC was used to fu rther pu rify urease preparat ions which st i l l  con ta ined contam inant  

prote in after t he  D EAE-Sepharose step (Materia ls and Methods 4 .7 .4 ) . Partia l ly  

pu rif ied u rease (acetone precipitat ion ,  ammonium su lfate precipitat ion then two 

D EAE-Sepharose ion-exchange steps) was concentrated and desalted by u ltrafi l trat ion 

(Amicon XMSO membrane) and then appl ied to a Mono-Q col u m n .  The urease activity 

was e l uted with a 0 .2 - O .S M NaCI g radient i n  PEB .  U rease activity was e luted as a 

s ing le peak (F ig ure 1 7  and Table 1 8) .  A single major band and one  barely detectable 

minor contam inant band were observed when the purified u rease was analyzed by 

nat ive-PAG E ( Figure 1 8) .  No further activity was e luted when the colu m n  was washed 

with 1 M NaCI in PEB.  

3 .S  U rease Enzyme Characterization 

Physical and k inetic properties of S. pombe urease were characte rized ; the native and 

subun it molecu lar weights ,  pH stabi l i ty ,  pH opt imum,  and Km fo r urea were 

determ ined .  

3 .S . 1  N ative Molecular Weight 

The n ative mo lecular weight was determ ined by ge l  f i l trat ion using a cal ibrated 

Sepharose C L6B 200 co l umn .  The  co l umn  (92 x 1 . 6 cm) was cal ibrated us ing the 

protei n  standards i n  the Sigma MW-GF- 1 000 molecular we ight  standards k i t  

accord ing to the  manufacturers instructions  (Materials and Methods 4 . 1 3 ) .  The void 

vo l ume  (Vo', 73.0 m l) of the co l umn  and the elut ion vo lume (Ve , 1 24 . 0  ml )  of � 

amylase were periodica l ly checked and remained unchanged th roughout the  course of 

the e xperime n t .  Part ia l ly pu rified S. pombe urease (acetone precipitated, specific 

activ ity about 1 U/mg) was passed through the cal ibrated co l umn  and effluent  fractions 

were mon ito red for u rease activity. Three independent ly prepared urease extracts 

were used for a total of fou r  determ inations .  Urease assays were done in  t rip l icate and 

the average urease act ivity fo r each fract ion was graphed. The e lut ion vo lume,  Ve 

( 1 22 .8  m l) was est imated from the point of maximum activity ( Figure 1 9) .  The 

e lu t ion parameter, VelV 0 ,  was 1 . 682 fo r a l l  four  determ inat ions .  The n ative 

molecu lar  we ight , estimated from the standard cu rve ( F ig u re 20) was about 2 1 2 ,000 

dal tons .  



F ig u re 1 7  

Pu r i ficat ion o f  S. pombe u rease by us ing  FPLC Mono-Q ion -exchange as the f inal 

pu r i f icat i on  s tep 
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s. pombe u rease pu rified by acetone and ammonium su lfate precipitation and D EA E

Sepharose i o n-exchange, but st i l l  con ta i n i ng  some contami nan t  prote in , was furt he r  

pur if ied by  M ono-Q ion-exchange ( F P LC ) .  A l i near g radien t  of 0 . 2  M - 0 .5  M NaC I  i n  

PEB was used to  elute the u rease from the Mono-Q co l umn .  The  numbered fraction s  

we re col l ected.  

1 0 7 
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Table 1 8  

The  activ i ty of  S. pombe u rease fract ions obtained from the  F P LC-Mono-Q pu rificat ion 

step 

aF ract ion  n u m ber  U rease Activi ty U/ml 

0 . 0 0  

2 0 . 0 0  

3 0 . 0 0 

4 0 . 0 0  

5 0 . 0 0 

6 0 . 1 7 

7 0 . 7 7  

8 8 . 2 4  

9 0 . 2 2  

1 a 0 . 0 0 

S. pombe u rease fractions co l lected from the Mono-Q ion -exchange pu r ification step 

( FP LC )  we re assayed for u rease activi ty .  a Fract ion  nu mber co rresponds to the 

fraction s  m a rk ed in Figure 1 7 . Activ i ty u n its (U) are as fo r Table 1 4 .  
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The separat in g  gel  was 6% polyacry lamide without S DS (nat ive - PAGE) .  P ro te i ns were 

v i sua l ized by s i lver  stain i n g .  S. pombe u rease was p urif ied by acetone preci pitat ion , 

ammo n i u m  s u lfate p recip itat io n ,  DEAE-Sepharose ion-exchange col u m n  

chromatography and FPLC us ing a Mono-Q co l u m n .  Deta i l s  are i n  t he  text. (A) u rease 

sample before p urif ication  by ; (8 )  u rease after FPLC p ur ificat ion - the  most 

act ive fractio n ,  conta in i ng  about 90% of  the tota l  recovered act iv i ty 
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F ig u re 1 9  

E lu t ion vo l ume (Ve) of S. pombe urease determined by ge l  fi l t ration t h ro ugh a 

cal ibrated Sepharose C L6B 200 colu m n  
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Each curve represents an independent passage of  S.  pombe urease through the 

ca l ibrated Sepharose C L6B 200 co l umn .  Urease activity assays for each determ inat ion 

were done in t r ipl icate. The i n te rpolated peak of  the cu rves represents the Ve of S. 

pombe u rease and is marked by the arrow. 
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F ig ure 20 

C al ibration cu rve of Sepharose CL6B 200 co l umn .  
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Cal ibration of the Sepharose C L6B 200 co l umn  is described in Mater ia ls and Methods 

4 . 1 3 .  The VelVo and corresponding molecular weight for S. pombe urease are marked 

wi th  ar rows .  



3 .5 .2 Subun i t  Size 

The subunit s ize of purif ied S. pombe urease was examined by us ing S OS-PAG E. A 

s ing le  major  band w i th M r = 1 02 ,000, and a few m i nor contam inant  prote ins ,  were 

1 1 2 

ident i fied by us ing a 7 .5% acry lam ide separat ing ge l  (F igu re 2 1 ) .  Many bacterial 

u reases h ave one large and two smal l  subuni ts .  The smal l  subun its a re poorly resolved 

on gels conta in ing less than 1 0% acrylam ide and they have been inadvertent ly 

overlooked (Mobley and Hausinger, 1 989) .  No smal l  subun its were seen when a 

S. pombe u re ase preparation , free of contaminants ,  was run o n  a 1 5% acry l am ide ge l  

( Figure 22) . S. pombe u rease appears to  h ave a s ing le  subu nit that i s  present  as  a 

d imer ,  to g ive  a nat ive Mr of about 2 1 2 ,000 .  

3 .5 .3 pH  Stabi l i ty 

The enzyme stabi l i ty was tested between pH 4 and 1 1 . The set of  buffe rs used by Todd 

and Haus inger  ( 1 987) fo r pH studies of Klebsiella aerogenes was used in the  present 

study for test ing S. pombe u rease. Part ia l ly  pu rif ied S. pombe urease (pu rif ied by 

acetone precipitat io n ,  speci fic activity about 1 U/mg) was d i l u ted ten-fold in buffers 

at various pH values and incubated for 30 m inutes on ice. Al iquots were then assayed 

for u rease activ ity in a 20 -fo ld vo lume of  25 mM H EPES (N -2 chydroxyethy l 

p iperaz ine -N' -2-ethane  su lfon ic acid) ,  5 mM EOTA,  50  mM urea .  T he test buffers 

were :  acetate pH 4 .0 ,  5 . 0 ,  6 . 0 ;  MES (2 -morphol i no) ethane su l fon ic acid) pH 6 .0 ,  . 

7 . 0 ;  H E P ES pH 7 . 0 ,  8 .0 ; CHES (2- (N-cyclohexy lam ino)ethane su lfon ic  acid) pH 8 .0 ,  

9 . 0 ,  1 0 . 0 ;  CAPS (cyclohexylaminopropanesu l fon ic acid) pH 1 0 . 0 ,  1 1 .0 ,  1 2 . 0  a t  a 

concentrat ion of 50 m M .  I n  addit ion al l  test buffers contained 1 0  m M  E DTA. Changes 

in  pH caused by the addit ion of enzyme to the test buffers or  to the assay buffer were 

measured.  S. pombe urease appeared to show i rreversible loss of activity be low about 

pH 4 .5  and above about pH 9 .5 (Fig ure 23 A) ; h owever, the addit ion of  u rease d i luted 

in  test buffer ,  to the assay buffer ,  a l tered the pH ( F igure 23 B) . Th is  may have 

affected the u rease activity. Several of the assays were done at s im i la r  pH , eg o test 

buffers C H ES pH 9 and CAPS pH 1 0  were both assayed at pH 7 .07. Di rect act ivity 

comparisons were m ade between such data . This analysis confi rms the u rease was 

inactivated above about pH 9 .5 but lack of data proh ibits confirmation of a low pH 

inactivation . The color development of the ammonium assay is reduced by C H ES and 

CAPS buffe rs (data not shown ) .  This accounts for the lower activity measu red in  the 

C H ES buffer with the same pH as a HEPES buffer .  
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S DS-PAGE o f  S, pombe u rease (7 .5% acry lamide) 
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A 7 .5% acry lamide separati ng ge l  (SDS-PAGE) was used, Proteins were v isual ized by 

s i lver sta in ing . Molecular size standards (B io- Rad hig h and low molecu lar weigh t  

S DS-PAGE standards) a re marked in ki lodaltons . S. pombe ure ase was purified by 

acetone and ammo nium su l fate precipitat ions and DEAE-Sepharose ion-exchange.  



1 1 4 

Fig u re 22 

S OS-PAGE of S. pombe urease ( 1 5% acry lamide) 
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A 1 5% acry lamide separating  ge l  (SOS- PAG E) was used. Prote ins were v isua l ized by 

si lver stain i ng .  Molecular size standards (B io -Rad low molecul ar weight SOS-PAGE 

standards) are marked in  ki lodaltons. S. pombe u rease was purified by aceton e  and 

ammon ium s u lfate precipitations ,  OEAE-Sepharose ion-exchange and Mono-Q ion

exchange (FPLC) .  



F ig u re 23 

pH stabil ity of S. pombe u rease. 

A. Activ i ty after i ncubation i n  buffers wi th various  pH .  
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B .  Effect o f  the  pH of the test buffer on the assay pH .  
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3 .5 .4 p H  optimum 

The activity of u rease was determ ined between pH 4 and  1 0 . A S.  pombe crude e xtract 

was assayed for activity in the fo l lowing subst rate buffers : acetate pH 4 .0 ,  4 .5,  5 .0 ,  

5 .5 ,  6 .0 ,  6 .5 ;  phosphate pH 6 .0 ,  6 .5 ,  7 .0 ,  7 . 5 ,  8 .0 ,  8 .5 ,  9 . 0 ,  9 . 5 ,  1 0 .0 ,  1 0 .5 .  Al l 

buffers were 0 .02 M and contained 1 m M  E DTA and 50 m M  urea .  Some of the pH values 

were outs ide the  effect ive buffer ing range of these buffers;  however ,  al te rnative 

buffers , eg Tris -HC I ,  CHES ,  inh ib ited the co lor development of the ammonia assay. 

Any change i n  pH caused by the addit ion of enzyme was est imated by d i lu t ing PES 20-

fo ld i n  each substrate buffer .  A s ing le pH  optimum,  occurr ing between pH 7 .5 - 8 .5 ,  

was observed ( F ig u re 24) .  

3 .5 .5  Km fo r u rea 

A crude ext ract was assayed in substrate buffers (0.02 M phosphate, pH 7 .5)  

conta in ing  0 . 1 , 0 . 1 5 , 0 . 25, 0 . 5 , 0 . 75 , 1 . 0 , 1 .5 , 2 .0 , 5 . 0 , 1 0 .0 ,  or  25 .0  mM urea.  

Al l  buffers conta ined 1 m M  EDT A .  Activity was determined for 1 5 , 30,  45 ,  90, and 

1 20 seconds incubation a t  25 °C .  Reactions were done i n  dupl icate . 

2 -mercaptoethanol was not included because it may competi t ively i nh ibit u rease,  

a l though it d id  not  a ffect activity at  a h igh (50 mM)  u rea concentrat ion . A pH of 7 .5 

was used because it is with in  the effect ive bu ffe ring range of phosphate and is close to 

the optim u m  pH for activity . The Km, est imated from an Eadie -Hofstee plot, was 1 .03 

m M  u rea (F igu re 25) .  An Ead ie -Hofstee plot, rather than a L ineweaver-Su rk plot ,  

was used to estimate the Km, because it magn ifies departures from l inearity and the Km 

can be determined more accurately ( Lehn i nger ,  1 975) .  

3 .5 .6 Partial sequence of S. pombe urease 

N- termina l  sequence 

S. pombe urease was purified. Two samples (47 �.g and 300 I-1g) were sequenced by the 

sequent ia l  automated Edman degradation method with an Appl ied Biosystems mode l 

470A apparatus .  The sequence of the first 1 6  N -term ina l  amino acids was obtained 

( F ig u re 2 7 ) . 
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Activity o f  S. pombe urease a t  various  p H  
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F ig u re 25  

Eadie-Hofstee plot o f  S .  pombe u rease activity. 

0.05 

c 
'E ..... 0.04 Q) 
0.. 
ro 
� 
::J 

0 0.03 E 
� 
> 

0.02 

0 .0 1  

0 .00  L-
-''--'--'--'--'--L-..J'--'--'--'--'--.L.-'---'--'---'--.L.--'--.L.-.L.-.L--'---...r..-...L-...L-...L-�-'-' 

0 . 0 0  0 . 0 1  0 . 0 2 0 . 0 3 0 . 0 4 0 . 0 5  

VIS ( �lmo l  u rea per m i n/mM u rea) 

Crude S. pombe urease was assayed at vario us u rea concentrat ions in 0 .02 M potass ium 

phosphate buffer, pH 7 .5 ,  contain ing 1 mM E DTA. The  Km (g iven by the  positive slope 

o f  the plot) is 1 .033 mM urea .  
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I n ternal sequences. 

Short segments of the amino acid sequence of  in ternal parts of  the enzyme were 

obtained by sequencing peptides produced by proteolytic cleavage of  the enzyme. About 

300 I1g o f  purified S. pombe u rease in 1 50 III o f  0 . 1  M ammon ium bicarbonate was 

heated to 80 °C for f ive minu tes to denature the enzyme.  The denatured u rease was 

i ncubated with 3 I1g trypsin ( PFCK treated , Sig ma) for 4 .5 hou rs a t  3 7 °C .  The 

resu l t ing peptides were separated and recovered by H igh Perfo rmance Liqu id 

Chromatog raphy (H PLC) .  A HY-TAC H C 1 8  co lumn was used for  H P LC and peptides 

were e lu ted wi th a 2 - 90% aceton itr i le g radient  (Materia ls and M ethods 4 . 1 4 ) .  The  

HY-TAC H column was used because i t  i s  sma l l  (4 .6  x 75 mm) and has a 

m icrope l l icu lar  adsorbent  (2 11m diameter beads) . I t  i rreve rsibly adsorbs less 

m aterial than the longer co lumns  with porous packing material that are more 

com monly u sed . Effluent peaks were col lected and fract ions T2 1 , T 40 ,  and T 43 

( Figure 26) ,  were sequenced as above (F ig u re 27) . The sequence of T43 overlapped 

the N -term ina l  sequence. All sequences were compared to bov ine t rypsin ,  to ensure a 

fragment  of trypsin had not been sequenced . No sequence s imi larity was found .  



F ig u re 2 6  

Pu rif icat ion of S. pombe u rease t ryptic peptides by H igh Pe rfo rm ance Liqu id 

C h ro matog raphy ( H P LC) 

T 2 1  

T4 3 
T40 

H P LC was done using a HY-TAC H C1 8 co lum n  and an acetoni tr i le g rad ient .  The e lut ion 

o f  pept ides was monitored by the absorbance at 2 1 4  nm .  

1 2 0 
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A mino acid sequences o f  S. pombe urease N -term inus and t ryptic peptides 

N - t e rm i n u s 

P eptide T2 1 

P eptide T40 

P eptide T43 

Amino acid sequence 

M et G in  Pro Arg *G lu  Leu H is  Lys Leu Thr Leu H is G in  Leu Gly Ser  

Phe l i e  G lu  Thr  Asn G lu  Lys 

Leu Tyr Ala Pro Glu Asn Ser P ro Gly  Phe Val G lu  Val Leu G l u  Gly Glu 

l ie G lu  Leu Leu Pro Asn Leu Pro 

*G lu  Leu H is  Lys Leu Thr  Leu H is G in  Leu Gly Ser  Leu Ala 

*Sequences T 43 and N -term inus overlap at th is point .  

1 2 1 



4 PCR AMPLIFICATION USING PRIMERS TO THE UREASE PROTEIN SEQUENCE 

A segment  of the urease subunit gene cou ld be used as a DNA probe to identify 

corresponding clones in a S. pombe gene bank. The polymerase cha in  react ion (PCR) 

could be used to iso late a section of the urease gene .  PC R is used to amplify the DNA 

sequence between two primers. These pr imers hybridize to o pposite strands of the 

target  sequence and are or iented so that the DNA polymerase extends the primers 

1 2 2 

across the i n terven i ng region .  Repeated cycles of heat denaturation of the template DNA 

and extension products,  annea l ing o f  the primers to  the i r  complementary sequences, 

and extens ion of  the annealed pr imers resu l ts i n  an exponent ia l  accumulat ion of target  

sequence. 

The  N -terminal  and peptide amino acid sequences of S. pombe were used to make PCR 

prim ers. The primers were used to a mpl ify a product , which was then cloned and 

sequenced. 

4 . 1  PCR pri mer design 

PCR primers to the N-terminal and T40 amino acid sequences were made . PCR 

primers shou ld not have too many degenerate n ucleotide posit ions (Compton ,  1 990) . 

Therefore ,  amino acid sequences were used that contained the smal lest number of 

degenerate codons. Degeneracy on the 3' end of the primer is also u ndesirable 

(Compto n ,  1 990) and was avoided. To fu rther reduce degeneracy , the codon bias tables 

described by Sharp et al. ( 1 988) and Russel l  ( 1 989) were used to exclude the less 

frequently  u sed codons. S. pombe preferent ia l ly uses different  subsets of  codons, 

depending on  whether the gene is expressed at high or  low levels ; however,  it is 

u nknown at what leve l  S. pombe urease is expressed. The codon bias tables were 

combined to g ive a single table showing the ove ra l l  codon usage frequencies, regardless 

of whether the genes have hig h or low levels of expression .  Th is tab le was used to avoid 

inc luding less frequently used codons i n  the pr imer sequences . Also, primers were 

chosen so that some amino acid seque nce at both ends of the region between the pr imers 

was know n .  Th is would a l low posi tive ident ification of the correct PC R product, by 

comparing  the PCR product nucleotide sequence to the known amino acid sequence. 

Pr imers were purchased from Ol igos Etc . I nc. (Gu i l ford, Con nect icut) . Pr imer 

sequences and the codon frequencies a re described in Figure 28.  
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PC R pr imer sequences and codon usage frequency tables.  

P r ime r  M L  1 

N- term in a l  a mino  acid sequence and codon frequencies.  

Met GIn Pro Arg Glu Leu His 
ATG 1 .  0 0  CM 0 . 8 6  CGT 0 . 5 9  CTT 0 . 3 3  0 . 5 1  

CAG 0 . 1 4 AGA 0 . 1 3  TTG 0 . 2 5  0 . 4 9  

C CGC 0 . 0 9  TTA 0 . 1 7 

CCG CGA 0 . 0 8  CTC 0 . 1 2 

AGG 0 . 0 7 CTA 0 . 0 7 · 

CGG 0 . 0 4  CTG 0 . 0 5 

Lys Leu Thr Leu · H i s  GIn Leu 

MG 0 . 6 6 CTT 0 . 3 3  ACT 0 . 4 3  CTT 0 . 3 3  CAC 0 . 5 1  CM 0 . 8 6 CTT 0 . 3 3  

A.ll.A 0 . 3 4  TTG 0 . 2 5  ACC 0 . 4 0  TTG 0 . 2 5  CAT 0 . 4 9 CAG 0 . 1 4 TTG 0 . 2 5  

TTA 0 . 1 7 ACA 0 . 1 2  TTA 0 . 1 7  TTA 0 . 1 7 

CTC 0 . 1 2 ACG 0 . 0 5  CTC 0 . 1 2  CTC 0 . 1 2 

CTA 0 . 0 7 CTA 0 . 0 7  CTA 0 . 0 7 

CTG 0 . 0 5  CTG 0 . 0 5  CTG 0 . 0 5  

Gly Ser 

GGT 0 . 6 5 TCT 0 . 3 8  

GGA 0 . 1 9 TCC 0 . 2 7  

GGC 0 . 12 AGT 0 . 1 3  

GGG 0 . 0 4  TCA 0 . 1 2 

AGC 0 . 0 5  

TCG 0 . 0 5  

M L  1 primer  n u cleot ide sequence 

5' ATG CAA CC(ATC) CGT GA(GA) TT(GA) CA 3' 

The codon frequency data was calculated by combin ing  the h ig h  and low expression 

codon frequency tables as described in the text .  Codons with in  the boxed sections were 

included in the  p ri m e r  sequence . For the  pr i m e r  sequence s ,  paren theses 0 indicate 

redu ndant pos it ions .  N ucleotides grouped in  th ree constitute a codo n .  

1 2 3 
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F ig u re 28  con t i nued .  

P r imer  M L2 

T 40 amino acid  s equence and codon frequencies 

Leu Tyr Ala Pro Glu Asn Ser 

CTT 0 . 3 3  TAC 0 . 5 8  GCC 0 . 5 0  CCT 0 . 4 3  GAG 0 . 5 4 AAC 0 . 5 9 TCT 0 . 3 8  

TTG 0 . 2 5  TAT 0 . 4 2  GCT 0 . 3 5  CCC 0 . 3 5  GAA 0 . 4 6  ·AAT 0 . 4 1 TCC 0 . 2 7  

TTA 0 . 17 GCA 0 . 1 1  CCA 0 . 17 AGT 0 . 1 3 

CTC 0 . 1 2 GCG 0 . 0 4  CCG 0 . 0 5  TCA 0 . 12 

CTA 0 . 07 AGC 0 . 0 5 

CTG 0 . 0 5 TCG 0 . 0 5  

Pro G ly Phe Val Glu Va l Leu 

CCT 0 . 4 3  GGT 0 . 6 5  0 . 5 5  GTT 0 . 4 6  GAG 0 . 5 4 GTT 0 . 4 6  CTT 0 . 3 3  

CCC 0 . 3 5  GGA 0 . 1 9  0 . 4 5  GTC 0 . 3 7 GAA 0 . 4 6  GTC 0 . 3 7  TTG 0 . 2 5  

CCA 0 . 17 GGC 0 . 1 2  GTA 0 . 1 3  GTA 0 . 1 3 TTA 0 . 17 

CCG 0 . 0 5  GGG 0 . 0 4  GTG 0 . 0 4  GTG 0 . 0 4 CTC 0 . 1 2 

CTA 0 . 0 7 

CTG 0 . 0 5 

G lu Gly G l u  l I e Glu Leu Leu 

GAG 0 . 5 4  GGT 0 . 6 5  GAG 0 . 5 4  ATT 0 . 5 6  GAG 0 . 5 4  CTT 0 . 3 3 CTT o . 3 3  
GAA 0 . 4 6  GGA 0 . 1 9 GAA 0 . 4 6  ATC 0 . 3 4  GAA 0 . 4 6  TTG 0 . 2 5  TTG 0 . 2 5  

GGC 0 . 1 2 ATA 0 . 1 0 TTA 0 . 1 7 TTA 0 . 17 

GGG 0 . 0 4  CTC 0 . 1 2 CTC 0 . 1 2 

CTA 0 . 0 7 CTA 0 . 0 7 

CTG 0 . 0 5 CTG 0 . 0 5  

Pro As n Leu Pro 

CCT 0 . 4 3 AAC 0 . 5 9 CTT 0 . 3 3  CCT 0 . 4 3  

CCC 0 . 3 5  AAT 0 . 4 1  TTG 0 . 2 5  CCC 0 . 3 5  

CCA 0 . 17 TTA 0 . 1 7 CCA 0 . 17 

CCG 0 . 0 5  CTC 0 . 1 2 CCG 0 . 0 5 

CTA 0 . 0 7 

CTG 0 . 0 5  

Pr imer M L2 n uc l eot ide sequence 

5' - AA ACC (GA)GG (GA)GA (GA)TT (TC)TC (GA)GG - 3' 

The reverse com plement  sequence was used fo r pr imer M L2 .  
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4 . 2  Optim ization of PCR 

PCR was carr ied out  as described in M aterials and Methods 5 . 2  us ing pr imers M L  1 and 

M L2 .  A variety of denaturation ,  annea l ing and extension condi t ions were tested (Table 

1 9) .  Three negative controls were incl uded in  e ach set of  PC R reactions :  (a)  template 

DNA (S. pombe genomic DNA) not included ; (b) ML 1 primer not included ; and (c) M L2 

primer  not i nc luded . I n  a l l  cases no products were obta ined with controls (a) and (c) . 

Pri mer M L2 without M L  1 ,  (control b) , was able to produce a v ery weak product u nder 

some condit ions.  

A s ing le 1 . 1 kb major PCR product and two smal ler  m inor products were obtained 

when annea l ing temperatures between 50 and 54 °C were used (F igure 29, condi tions 

1 - 4) . At 55 or 56 °C no products were obtained (F ig ure 29, condi t ions 5 ) .  When 

the primer  concentrations were increased fou r-fo ld ,  to  80 pmo l  pe r reaction ,  the 

y ie ld and speci ficity were s l ight ly reduced (F ig u re 29 ,  condit ion s  2 ) . Us ing a short 

(30 seconds) anneal ing t ime decreased the product y ie ld (F ig u re 2 9 ,  condit ions 6 and 

7). One m i nute anneal ing was not as good as two minutes (F ig ure 29, condit ions 9) . 

Decreasing the extension t ime to one minute ( Figure 29 , condi t ions 8) or even 3 0  

seconds (not shown) did not affect the product y ie ld o r  the specificity . Shorten ing the 

denaturat ion t ime to 30 seconds improved the yie ld (condit ions 1 0) .  A 45 seconds 

an neal ing and extension t ime with 41  cycles ampl ification gave a good yield but 

increased the prim ing of  M L2 on i ts own (F igure 29, condit ion s  1 1 ) . For a l l  

condit ions ,  the same PC R products were obtai n ed ;  the two sma l l  m inor  products never 

d isappeared. The ratio of the major band to the m inor bands was s imi lar  for al l  

conditions ,  except for anneal ing at 50 °C .  When anneal ing at 50 °C was u sed , sl ightly 

more of  the smal lest minor product was produced. Tetramethy lammon ium ch loride 

(TMAC) o r  fo rmamide can improve the specificity of  PC R ,  especia l ly  when degenerate 

primers a re used (Mody and Pau l ,  1 990 ; Sarkar et al. , 1 99 0 ) .  TMAC ( 1 0- 8 M) or 

formamide ( 1 .25%) were included in a PC R reaction .  The the rmal  cycl ing condit ions 

were as fo l lows : denaturation - f irst cycle 94 °C for 2 minutes ,  t hen  92 °C for 3 0  

seconds ;  annea l ing - 45 °C for two m inutes ; extension - 7 2  °C for o ne minute .  A low 

anneal ing temperatu re was used because TMAC and formamide lower the max imum 

temperature at which anneal ing wi l l  occu r .  Poor y ie ld and specificity were obta ined 

with these condit ions .  
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Table 1 9  

PCR therma l -cycl i ng  condit io ns 

Condi tions Denaturat ion Anneal ing Extension 

*94 DC x 2.5 min f i rst 50 °C x 2 m in  7 2  °c x 1 .5 m i n  

cycle, then 94 °C x 1 min 

2 *94 °c x 2 .5  m in  f irst 52 °C x 2 m in  7 2  °c x 1 .5 m in  

cycle, t hen  94 °C x 1 m in  

3 94 °c x 2 .5  m in  f i rst 52 °C x 2 m in  72 °c x 1 .5 m in  

cycle,  then 94 °C x 1 min 

4 94 °c x 2 .5  m in  first 54 °C x 2 m in  7 2  °c x 1 .5 m in 

cycle ,  then 94 °C x 1 min 

5 94 °c x 2 .5  m in  first 56 °C x 2 m in  72 °c x 1 .5 m in  

cycle, t hen  94 °C x 1 m in  

6 94 °c x 3 m in  first cycle ,  50 °C x 30 sec 72 °c x 1 .5 m i n  

t hen  94 °C x 30  secs 

7 94 °C x 3 m in  first cycle ,  52 °c x 30 sec 72 °C x 1 .5 m in  

then 94  °c x 30  secs 

8 94 °C x 3 m in  first cycle ,  52 °c x 1 m in  72 °c x 1 m in  

then 94 °C x 1 m in 

9 94 °c x 3 m in  first cycle, 52 °C x ·1 m in  72 °C x 1 .5 m in  

then 94 °c x 1 m in  

1 0 94 °C x 2 .5 m in  f irst 52 °c x 2 m in  72 ° C x 1 m in  

cycle ,  then 94 °C x 30 secs 

1 1 93 ° C x 2 .5  min first 52 °c x 45 sec 72 °C x 45 sec 

cycle ,  then 92 °c x 30 secs 

Pr imers M L  1 and M L2 were used at 20 pmol pe r react ion un less marked *. If marked 

* 80 pmol per react ion was used .  31 cycles of amplif ication were u sed for condit ions 

1 - 1 0 , 4 1  cycles were used for condit ions 1 1 .  
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Agarose g e l  e lectrophoresis o f  pe R ampl if ied S. pombe D N A  us ing  pr imers M L1 and 

M L2 

a b c d e f g h  k l m n o p q r s t  

1 2 7 

5 f.ll al iquots of  PCR reactions were loaded onto the 1 % agarose m in i-gel .  D NA was 

v isual ized by sta in ing  with eth id ium bro mide.  Lane a, BRL  1 Kb Ladder (fragment  

s izes  i n  kb :  1 2 . 2 ,  1 1 .2 ,  1 0 . 2 , 9 .2 , 8 . 1 , 7 . 1 , 6 . 1 , 5 1 , 4 . 1 , 3 . 1 , 2 . 0 , 1 .6 , 1 .0 ) ;  l anes  

b - d ,  cond it io n s  1 - 3 ;  l ane  e ,  condi tions  3 control b;  lane f cond it ions  4 ;  lane g ,  

condi t ions 4 contro l b ;  lane  h ,  cond it ions  5 ;  lane i ,  condit ions  6 ;  l ane  j ,  con dit ions 6 

contro l b ;  lane  k ,  condit ions 7 ;  lane I ,  condi t ions 7 M L2 contro l  b ;  lane m ,  condit ions 

8 ;  lane n,  cond i tions 8 control  b ;  lane 0 condit ions 9 ;  lane p ,  condi t ions 9 control b;  

lane q,  cond i t ions 1 0 ; lane r ,  condi t io n s  1 0  con trol b ;  lane s ,  conditions  1 1 ;  lane t 

condi t ions 1 1  control b. Contro l  b react ions conta ined primer M L2 but not  p ri m e r  

M L  1 .  R efer  t o  Tab le  1 9 for a descript ion of t h e  cycl ing condit ions .  
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4 .3  Clon i nQ of the PCR product. 

A s imple procedure for c loning b lun t-ended PCR products has recen t l y  been described 

( M archu k  et  al. ,  1 99 1 ) .  Th is procedure takes advantage of the s ing le  n o n  template

d i rected deoxyadenosine (A) residue that is  often added to the 3'  end of duplex PCR 

products d u ri ng the amplification reaction .  The PCR products can be efficie n tl y  l igated 

i n to a T-vector ,  a b l un t-ended vector wh ich  has had a s ing le deoxythymid ine (T) 

residu e  added to the 3' ends of the duplex DNA. A pUC1 1 8  T-vector was constructed and 

used to  c lone  the 1 . 1 kb PCR product . 

PCR was carr ied ou t  using primers M L  1 and M L2 and the fol lowing t he rmal cycl i ng  

condit ion s :  i n i t ia l  denaturat ion was 92 °C x 2 m i nutes , t hen  35 cycles of 92 °c for 30  

seconds,  53 0C x 2 m inutes, 72  °c x 30 seconds ;  fo l lowed by  a f ina l  incubat ion for five 

m inutes at 72 °C.  S ix  ident ical reactions were pooled, precipitated with ethano l ,  and 

resuspended i n  50 �I TE. A 20 l-ll al iquot of the PCR products was subjected to  

e lectrophoresis through a 1 % Seaplaque agarose ge l .  The 1 . 1 kb PCR product ,  

design ated M L  1 2 , was recovered from the gel ,  precipitated with e thano l ,  and 

resuspended i n  TE (see Materia ls  and Methods for detai ls of DNA manipu lat ion 

techn iques ) .  pUC1 1 8  was cut with Smal to generate b lunt  ends, purif ied by phenol 

ch loroform extraction ,  precipitated with ethanol  and resuspended i n  TE.  A s ing le  

thymidine was added to the 3' ends of t he  cut pUC 1 1 8  (Materials and Methods 5 .3 ) .  

ML 1 2  and the  T-tai led pUC1 1 8  were l ig ated . Analysis by agarose ge l  e lectrophoresis 

showed l igat ion was successfu l .  E. coli strain MC 1 022 was e lectrotransformed with 

the l igat ion  and transformant co lonies were g rown on Luria p lates con ta in ing 

a m pi c i l l i n ,  s t repto myc in  and X -g a l  ( 5 - B ro m o-4 -ch lo ro-3 - i n do l y l - I3 - D 

ga lactopyranoside) . Twenty four white colon ies were picked a n d  plasmid DNA from 

each was p repared by the smal l-scale procedure .  The plasmid DNA was d igested with 

Hind I I I and ana lyzed by agarose e lectrophoresis.  Two of the plasmid c lones,  designated 

pM L1 2 .4 and pML1 2 .7 ,  contain ing the M L1 2  fragment  were se lected for sequencin g .  

E.coli s t ra i n  X L1 -B lue  was transfo rmed with pM L  1 2 .4 and pM L 1 2 .7 .  Transformant  

co lon ies  were g rown on  Lu ria plates con ta in i ng ampici l l i n ,  tetracycl i ne ,  and X-ga l .  

For each transformat ion ,  plasmid DNA was prepared from six whi te co lon ies and 

ana lyzed as above. A l l  transformants conta ined the  expected pML1 2.4 o r  pM L 1 2 .7  

p lasmid . S ing le -stranded DNA templates were prepared from a p M L  1 2 .4 and a 

p M L  1 2 .7 t ransforman t .  The M L1 2 frag me n ts i n  p M L1 2 .4  and p M L  1 2 .7  were 

sequenced fo r abou t  370 n ucleotides in  one d i rect ion usi ng the u n ive rsa l -40 pr imer 

(Sequenase I I ,  U n ited States Biochemical) .  
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The M L  1 2  sequences from pML 1 2 .4 and pM L 1 2 .7  were ident ical except for t h ree  

changes in  t he  M L  1 primer  regio n ,  one  a t  the n i n th n ucleotide position (T i n  M L  1 2 .4 ,  

C i n  M L  1 2 .7 )  one  a t  the fifteenth n ucleotide (G i n  ML1 2 .4 ,  A i n  M L  1 2 .7 )  a nd o ne a t  

the  1 8th  n ucleotide posit ion (A  i n  ML  1 2 . 4 ,  G in ML  1 2 .7 ) . These variations  a re 

con si sten t  wi th diffe rent  pr imer  species,  from the  M L  1 pr imer pool ( Figu re 28 ) ,  

having been used i n  t he  PC R ampl ification .  The  sequence was translated i n  t he  th ree 

forward frames.  Mu lt ip le stop codons were present i n  each reading frame and no 

potential coding sequence was identified. The translated sequences were examined for 

identity with the amino acid sequences of the N- terminus ,  T2 1 , T40, and T43 us ing the 

T FASTA com puter program ( Deveraux et al. , 1 984) .  Apart from the f i rst 6 N

termina l  am ino acids,  which correspond to the M L  1 pr imer,  no s ign ifican t  identity was 

found .  

The ML 1 2  fragments from pM L 1 2 .4 and pM L 1 2 . 7  were cloned into pUC1 1 9  to enable 

the other end of ML 1 2  to be sequenced. pUC1 1 9  contains the same mu ltiple c lon ing site 

as pUC 1 1 8  but in the opposite o rientation .  A fragment  cut out of pUC1 1 8  wi th two 

d iffe rent restr iction e nzymes and l igated in to the  same two restriction enzyme sites in  

the pUC1 1 9  m u lt iple clon ing s i te wi l l  be in  the opposite or ientation ,  relative to the 

un iversal p rimer site .  This a l lows the two ends of  the fragment to be sequenced us ing 

the  u n ive rsal -40 pri mer .  pM L 1 2 .4 and pML 1 2 .7  were d igested with several 

restriction enzymes to identify su itable enzymes for c loning into pUC 1 1 9 .  The  

fo l lowing enzymes were used : Hind l l l ,  Pstl , EcoR I ,  8amH I ,  and Kpnl .  The products of 

each restriction enzyme digest were ana lyzed by agarose gel e lectrophoresis .  Hind l l l  

a n d  8amH I each cut ML 1 2 once , and Pstl , EcoR I ,  and Kpnl did not cut M L  1 2 . pM L1 2 .4 

and pML 1 2 .7  were each digested with EcoRI and Pstl to  re lease ML 1 2  from the pUC1 1 8  

vector .  The products were separated by agarose gel  electrophoresis u sing a 1 % 

Seaplaque agarose gel  and the M L  1 2  fragments were recovered. pUC 1 1 9 was digested 

with the same two enzymes as above . After digestion ,  the enzymes were inactivated by 

heat ing to 65 °C for 20 m inutes. The DNA was then precipitated with ethanol and 

resuspended in  TE. The pu rified ML  1 2  fragments ,  one from pM L 1 2 .4  and one from 

pML1 2 .7 ,  were each l igated to the Eco R l/Pstl cut pUC1 1 9 . Fcoli strain strain XL 1 -

B lue  was transformed with each of the l igations .  Transformant colon ies were g rown on 

Lur ia p lates conta in ing ampici l l i n ,  tetracycl ine and X-ga l .  S ix  whi te colon ies  from 

each transformation were selected. Plasmid DNA was prepared from each clone and 

digested with EcoR I .  Analysis by electrophoresis showed al l  plasmid clones contained 

ML1 2 l igated to pUC 1 1 9 . One clone from each transformation was se lected for 

sequenc ing .  The clones were designated pM L 1 2 .4 R (R fo r reve rse o rientation)  and 

pM L1 2 .7R .  Sing le  stranded DNA of pML  1 2 .4 R and pML 1 2 .7R was prepared from the 
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correspond ing  XL  1 -B lue  transfo rmants and seq u enced (about  380 nucleot ides) , as 

above. The  sequences of  pML 1 2 .4R and pML 1 2 .7R were ident ical except for one  

d i ffere nce at t he  posit ion correspo nding to t he  1 8th n ucleotide o f  pr imer M L2 ,  (A  i n  

M L1 2 .4 R ,  G i n  ML  1 2 .7R) . The sequence d ifference is consistent  w i t h  d i fferent pr imer 

species from the M L2 primer poo l ( Figu re 28) h av ing been u sed in the  PCR 

ampl i ficatio n .  The  sequence was t rans lated i n  the  three reverse-direct ion f rames .  One 

of  the  f rames contai ned no stop codons and the  sequence corresponding  to  M L2 was in 

frame ;  however ,  the sequence after the e nd of  M L2 d id not  correspond to the e xpected 

am ino acid sequence. The other two frames contained n ine  or more stop codons each . 

Therefore, they are not potential coding sequences .  The putative amino acid sequence in  

a l l  th ree frames and the n ucleotide sequence were examined for iden tity w i th  o ther  

sequences ,  as was done for M L  1 2 .4 .  No s ign ificant  iden tity was found with any of  the S. 

pombe urease sequences, or any sequence in the GenBank and EMBL  databases. 

The PCR product , M L1 2 , does not appear to be part of the u rease-subun i t  gene ,  nor has 

any s ign if icant ident i ty with any other sequenced gene been found .  M L  1 2  was 

hybridized to S. pombe genomic DNA to test if M L  1 2  is a sequence that was ampl ified 

from the S. pombe genome,  or from some other contaminant DNA. S. pombe genomic 

DNA was isolated and 5 �l g was digested w ith EcoR I or with Hind i l i .  The S. pombe D NA 

was a diffe rent  preparation from that used fo r the PC R ampl if ications.  The d igested 

DNA was p recipitated with ethanol , resuspended in TE, and subjected to e lectrophoresis 

through a 1 % agarose gel .  The gel was b lotted on to Hybond-N ny lon m embrane 

(Amersham) u sing the Vacugene XL apparatus ( Pharmacia) and the a lka l ine t ransfer 

method.  The gel blot was probed with p M L  1 2 .4 ,  labeled with 32 p by n ick-t rans lat ion .  

A s ing le  1 0 .5 kb  EcoR I  fragment and  to two Hind l l l  fragments o f  4 .4 and  2 . 1  kb 

hyb ridized to p M L  1 2 .4 (F igure 30). The blot was st ripped and probed with pUC 1 1 8 . 

No S. pombe sequences hybridized and BRL  1 Kb ladder frag ments,  which have some 

homo logy to pUC1 1 8 , hybridized strong ly  ( not shown ) .  The hybridizat ion pattern is 

cons istent wi th the expected number of fragments from ML 1 2 ; EcoR1  does not cut 

M L  1 2 , and Hind l l l  cuts ML 1 2  into two fragments. These data conf i rm that ML 1 2  i s  a S. 

pombe sequence. 

S. pombe g enomic DNA was probed with pr imers M L  1 and M L2 to test how specifical ly 

they hybrid ize. Two ident ical blots were prepared , as above. For each blot, 30 ).1g of  

EcoR I  and Hind l l l  d igested genom ic DNA, 1 0  ng of M L  1 2  (positive cont rol) and 5 ng of 

pUC 1 1 9  (negative control) were used. M L1 and M L2 were end- labe led with 32 p and 

used to probe the dupl icate blots . Hybrid ization and the f ina l  two minute wash were 

carr ied out at 4 1 .5 °c (Materials and Methods 6 . 1 3 ) .  M L2 hybridized strong ly to a 
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Autoradiograph o f  S .  pombe genom ic DNA probed with pM l1 2 .4 

1 2.2  
1 0.2  

8 . 1  

6 . 1  

4. 1 

3 . 1  

2 .0 

1 .6 

1 .0 

1 2 � 

1 3 1  

pM l1 2 .4 was radio l abeled with 32p by n icktrans lation and used to probe S. pombe 

geno mic DNA. Lan e  1 ,  BRL  1 Kb Ladder molecular weight weight markers , the 1 .6 ,  

0 . 5 ,  0 . 4 ,  0 . 3  k b  fragm ents contain vector sequences which hybridize t o  t h e  vector 

sequences of pML1 2 .4 . Lane 2, S. pombe genomic DNA (5 �g) digested with EcoR I ;  

lane 3 ,  S. pombe genomic DNA ( 5  �g) digested with Hind i l i .  Marker sizes i n  k i lobases 

are i ndicated . 
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s ing le  1 1 . 2 kb EcoR1  fragment and a s ing le 4 .2  kb Hind l l l  fragment .  M L  1 d id  not 

hybridize strongly to any S. pombe DNA but did hybrid ize very weakly to a n umber of 

bands i n  both digests (Fig ure 31 ) .  ML1  and M L2 both hybridized strong ly to the  M L1 2  

fragment .  The  two S. pombe DNA frag ments wh ich hybridize to M L2 are sign if icantly 

d i fferent in size fro m  any of the fragments that hybridize to pM L 1 2 .4 .  It is possible 

that the rate of  S. pombe DNA mig ration ,  relative to the B R L  1 kb ladder frag ments ,  was 

d ifferent between the two gels used for the blots . Th is could affect the est imated size of 

the  hybrid iz ing fragments .  Several dist i nct ,  more i ntensely sta i n i ng bands were 

v isible i n  the Hind l l l  and EcoR I cut DNA ( Figure 32 ) .  A band from each digest was 

selected and the sizes were estimated by compariso n to the molecular weight standards. 

The estimated sizes of the selected EcoRI and Hind l l l  bands in the gel u sed for p M L1 2 .4 

hybridizat ion were 1 1  kb and 3 .5 kb, respectively ,  and 1 1  kb and 3.4 kb in the  ge l  

u sed for  M L2 hybridization .  This variat ion is i nsuffici ent to  account  for  the  d i fferent  

s izes est imated for  the frag ments hybrid iz ing to the  two differen t  probes. pM L 1 2 .4 

and M L2 appear to hybridize to different S. pombe genomic sequences. 

Sum mary 

pe R u sing primers M L  1 and M L2 consistent ly produced one major  and two m inor 

products . The major product (ML 1 2) was cloned and sequenced . I t  did not correspond 

to the u rease-subun it gene,  or  any other sequence in the GenBank or EMBL sequence 

databases;  however ,  the pe R product sequence was present in the S. pombe genome.  

M L2 hybridized to a S. pombe genomic sequence ; however, the sequence was not the 

same as the peR product. ML 1 d id not stro ngly hybridize to any S. pombe sequence, 

a l thoug h it did hybridize very weakly to a n umber  of  sequences. 
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F ig u re 3 1  

A utoradiog raph  o f  S. pombe genomic DNA probed with PCR pr imers M L1 and  M L2 
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P C R  pr imers were radiolabeled with 32 p us ing  polynucleotide k inase and  u sed to p robe 

S. pombe g e nomic DNA.  Lanes  1 to 4 were probed with M L2 ,  lanes 5 to  8 were p robed 

with M L 1 . Lanes 1 a n d  5, pUC 1 1 9  vecto r (5 ng) ; lanes 2 and 6 ,  pMl1 2 .4 ( 1 0  ng) ; 

lanes 3 a nd 7 ,  S. pombe g enomic D N A  (30 fl9) digested with EcoR I ;  lane s  4 and 8 ,  

S. pombe g enomic D N A  (30 ).1g) d igested w i th  Hind i l i .  Marker s izes i n  ki lobases are 

i nd icated. 
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F igu re 32 

Eth id ium b romide sta ined agarose ge l  Southern blotted for pM L1 2 .4  h ybridizat ion 

(-

A 1 %  agarose ge l  was u sed and DNA was visual ized by ethidium bromide sta in ing . SRL 

1 Kb Ladder molecu la r  we igh t  standards  ( s izes  1 2 .2 ,  1 1 .2 ,  1 0 .2 ,  9 .2 ,  8 . 1 , 7 . 1 , 6 . 1 , 

5 . 1 , 4 . 1 ,  3 . 1 ,  2 .0 ,  1 . 6 ,  1 .0 kb) were used fo r s ize determination but are not  incl uded 

in the figure;  lane 1 , S. pombe genomic DNA (30 j.ig) digested with EcoR I ;  lane 2 ,  S. 
pombe genomic DNA ( 5 I1g )  d igested wi th Hindi I I .  The 1 1  kb EcoRI fragment  and the 

3.5 kb Hind I I  I fragment u sed for gel mobi l ity comparisons between  the pML 1 2.4 a n d  

M L2 h ybridization exper iments a r e  marked with arrows. 



5 ISOLATION OF UREGENES BY COMPLEMENTATION 

s. pombe ure- stra ins  marked with the leu 1 -32 and/or ura4-0 1 8  a l le les were 

obta ined for t ransformation with S. pombe gene banks. The l i t h ium chlo ride 

transformation procedure described by B roker ( 1 987) was improved and used to 

transform these ure- stra ins with a gene bank. Gene bank plasm ids which 

complemented the ure- mutations were recovered from the S. pombe trans fo rm ants 

and tested for homology to the PCR primers ML 1 and M L2 .  

5. 1 Construction of ure- strains for transformation 

S. pombe ure- strain s  marked with the leu 1 - and ura4 - mutat ions were requ i red for 

transformat ion with S. pombe gene banks. S. pombe gene banks in  the plasmid vectors 

pOB262,  pOB248 and pFL20 were avai lable .  The  first two vectors contain the 

S. cerevisiae LEU2 gene and complement S. pombe leu 1 mutants. pFL20 contains the 

S. cerevisiae URA3 gene and complements S. pombe ura4 mutants. 

1 3 5 

S. pombe strains ure 1 - 1  h- , ure2- 1 h-, ure3- 1 h - , and ure4- 1 h - were each 

crossed with S. pombe 1 3 1  h+ ( leu 1 -32) . Spore suspensions from each c ross were 

plated onto YES.  The resu ltant co lon ies were replica plated onto M M ,  M I N H  contain ing 

leucine ( M I N H  + leu) ,  and MM contain ing leucine (MM + leu) .  Fou r  leu 1 ure

colon ies f rom each cross were se lected and desig nated as fo l lows : leu 1  ure 1 - 1 strains 

were named X L1 - 1 A  to 0 ,  leu 1  ure2- 1 stra ins were named XL2- 1 A  to 0 ,  leu 1 ure3- 1 

stra ins  were named X L3- 1 A  to 0 ,  and leu 1 ure4- 1 strains were named X L4- 1 A to O .  

The m at ing type o f  a l l  leu 1  ure- strains was determ ined by  crossing to  S.  pombe 972 

h - and 9 75 h+ .  Al l  strains mated with 972 and not with 975 indicating they were h+ . 

XL1 - 1 A and X L2- 1 A  were each crossed with S. pombe ura4-0 1 8  h -. Spore 

suspensions from each cross were plated onto YES .  The spore-clone colon ies were 

repl ica plated on to M I N H  + l eu  + ura (u raci l ) , M M  + l eu ,  MM + u ra ,  and M M  + l eu  + 

ura. Four co lonies of each of fou r genotypes were selected and named as fo l lows :  

leu 1 ura4 ure 1 - 1 desig nated UL1 - 1 A  to  0 ;  ura4 ure 1 - 1 designated X U 1 - 1 A to 0;  
/eu 1 ura4 ure2- 1 designated U L2- 1 A to  0 ;  ura4 ure2- 1 designated XU2- 1 A to  O .  

The  stra ins  ure 1 - 1 h+ , ure3- 1 h+ , ure4- 1 h+ were each crossed with ura4 - 0 1 8  h 

and ure - ura4 progeny were ident ified by repl ica plat ing , as above. Ten stra ins o f  

each genotype were selected and  named as fo l lows:  ure 1 - 1 ura4 desig nated U 1 - 1  A to 

J ,  ure3- 1 ura4 designated U3- 1 A  to J ,  ure4 - 1 ura4 desig nated U4- 1 A to J .  U 1 - 1  

and X U 1 - 1  stra ins have the same genotype. The U 1 - 1  strains were isolated because 

the X U 1 - 1  stra ins  were found to be non-t ran sformable .  A ura4 leu 1 ure+ strain , 
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named U L 1 , was a lso obtained from a cross between ura4-0 1 8  h- and 1 31 ( leu 1 -32) 

as aoove. 

5 .2  I mprovement of the l ithium ch lo ride transfo rmation method 

The  l i th i u m  ch loride method of t ransformat ion (B roker ,  1 987) d id  not  work 

efficient ly  w i th the strains of S. pombe used i n  this study. Several modificat ions were 

made to the method to i ncrease the frequency of transformation .  A negative control 

reaction , in wh ich no transform ing DNA was included , was done for al l 

t ra ns fo rmat io n s .  

S .  pombe strain 1 22 ( leu 1 -32 his2-245 h+ )  was transformed wi th 0 . 8  �g of  CsCI

g rad ien t  pur i f ied pDB262 ,  us ing the procedure described by B roker  ( 1 987) . No 

transformants were obta ined . A low t ransformation frequency ($7. 9  x 1 0 1 

transfo rmants per �g DNA) was obta ined when YE medium,  rather than YEPD ,  was 

used . The transfo rmation frequency was not improved by gently centrifuging the 

transformed cel l  suspension for a few seconds and then resuspending the ce l ls  i n  a 

sma l le r  vo l ume of TE o r  Li -PEG buffer (Buffer I I ,  M ateria ls and M ethods 7 . 1 ) befo re 

p lati n g ;  however,  it was possib le to spread more t ransformant cel l s  per plate if t hey 

were resuspended to a smal l  volume .  Transformation was not improved by increasing 

the l it h ium ch loride treatment  to th ree hours , i nstead of one hour, or usi ng 0 . 1  M LiCI 

i n  1 x TE ,  i nstead of 0.2 M LiC I in  2 x TE .  I to et at. ( 1 983) resuspended S. cerevisiae 

cel ls  to a conce ntration of 5 x 1 08 ce l l s/ml for LiCI t ransformation .  A cu ltu re g rown 

to 5 x 1 06 cel ls/m l ,  rather  than 5 x 1 07 ce l l s/m l ,  and resuspended to 5 x 1 08 

ce l l s/m l ,  rather than 5 x 1 09 ce l l s/m l ,  did not improve transformat ion .  S l igh t ly 

better  t ransfo rmat ion was obtained with a fresh overn ight  cu ltu re (about 1 07 

cel ls/m l ) ,  subsequen tly d i lu ted f ive-fo ld  as u sua l ,  rat her  than a 24 - 48 hour  

cu l tu re .  I to et at. ( 1 983) u sed a five min ute heat  shock time .  Transfo rmat ion was not 

improved by decreasing the length of the heat shock from 25 minutes to five m inutes.  

A d iffe rent pDB262 preparation ,  CsCI-gradient pu rif ied as before ,  gave an even lower 

transfo rmation frequency. Transformation frequencies were dependent on the amo u nt 

of p DB262 D NA and the strain used . S. pombe strains 1 22 and X L2-1  A were each 

t ransformed with 1 .7 �g or 3 .4 �g pDB262. T he t ransformed cell suspensions were 

gent ly  centri fuged, resuspended i n  1 00 1.l.1 TE and plated onto MM + h is  (h ist idine ) .  

Transfo rmat ion frequencies o f  4 . 5  x 1 0° and 1 .5 x 1 0 1 transformants/�g pDB262 

were obtained when 1 22 was transformed with 1 .7 �g and 3 .4 �g  pDB262,  

respect ive ly .  XL2- 1 A  gave h igher  t ransfo rmation frequencies, 1 .8 x 1 0 1 and 3.1  x 

1 0 1 t ransfo rmants/�g DNA for 1 . 7 I.l.g and 3 .4  I.lg p D B262 ,  respective ly .  
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Carr ier  DNA increased the transformat ion frequency at least 1 00-fold.  A 5 m g/m l  

so lut ion of h igh  molecu lar weigh t  DNA from he rr ing testes (Sigm a  D-6898)  was 

prepared in steri le T E ,  son icated to  break the  DNA to  frag ments of  about  2 - 1 5  

ki lobases ,  and denatured by heating at 1 00 DC fo r ten m inutes (Materials and M ethods 

7 . 1 ) .  A so lut ion of  crude DNA o l igonucleot ides from herr ing sperm (S igma D 3 1 59) 

was also prepared as above. S. pombe stra ins X L2- 1 A and 1 22 were transformed with 

1 .7 I1g pDB262.  C arr ier DNA (8 Ill) was added to each transformation, inc lud ing the 

n eg ative controls (Materials and Methods 7 . 1 ) .  The t ransformed-cel l  suspens ion  was 

gent ly centrifuged, resuspended in  1 00 III TE and plated o nto MM + his .  The 

o l igon ucleot ides d id  not  affect the transformat ion frequency; however, the  h ighe r  

m olecular weight DNA increased t he  frequency by  up to 1 00-fo ld.  About  1 ,000-

2 ,000 transfo rmants were obta ined per plate,  fo r both stra ins .  which co rresponds to a 

frequency of up  to 1 .2 x 1 03 transformants/Ilg pDB262 .  The higher  molecu lar  weigh t  

carr ie r  DNA was  inc luded i n  a l l  subsequent transfo rmations .  

Often t ransformant co lon ies d id not  g row where the  t ransformed ce l l s  were th ick ly 

spread-plated. The strain UL 1 was transformed with 1 .7 I1g pDB262 or 0 .075 I1g 

pFL20 . Transformed ce l ls  were resuspended in  1 00 III TE to give a f inal vo l ume  of  

2 00 Ill ,  and then plated onto M M  + ura (for  pDB262)  or  M M  + leu (for pFL20) .  The 

t ransformation frequency for pDB262 appeared to be s im i la r  to  that  for  1 22 and X L2-

·1 A ;  however ,  g rowth was inh ibited where the inocu lum was more th ickly spread. 

I nh ib i t ion was even more pronounced with the pFL20 transformed cel ls ,  colon ies on ly 

g rew near the edge of the plate where the inocu l um was th in ly spread . Th is type o f  

i nh ib i t ion was  less pronounced , a l thoug h st i l l  eviden t ,  in  prev ious t ransformat io n s  

us ing d i ffe rent stra ins .  More un i form growth w a s  obta ined when a sma l le r  vo lume o f  

ce l ls  w a s  plated ,  5 0  III o r  1 00 III i n stead o f  200 Il l ,  b u t  inh ibit ion was n o t  e nt i re ly 

e l im inated. I nh ibition was absent when the ce l ls were d i l uted ten-fold in  TE before 

p lat ing ,  but the t ransfo rmation frequency was a lso s l i gh t ly decreased . I ncubation i n  

PEG and alkal i  cations ,  e g o  l i th i u m ,  wi l l  eventua l ly  k i l l  S .  cerevisiae cells ( I to e t  al. , 

1 983) .  Also , l i th i um acetate and PEG cause v isible a l terations to the cel l  s u rface 

(Hong .  1 987) . I t  seemed possible that newly-transformed S. pombe cel ls m ay be 

temporar i ly rendered osmot ical ly frag i le  and a lso k i l led or i nh ibited by con t i nued 

exposure to Lie l  and/or P EG .  Perhaps cel l v iabi l i ty was decreased by plat ing the ce l ls  

wi thout  f i rst d i l u t ing o r  removing the Li - PEG buffer (Bu ffer I I ,  Mater ia ls a nd 

Methods 7 . 1 ) or by d i l ut ing the transformed ce l ls i n  hypoton ic buffer (TE) . Sorbitol 

( 1 . 2  M) is used to stabi l ize osmotically frag i le S. pombe protoplasts (Beach and 

N urse, 1 98 1 ) .  Sorbito l and several other isoton ic or  hypotonic solut ions were u sed to 
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resuspend t ransformed S. pam be cel ls before they were plated. XL4- 1  A and U L1 were 

t ransformed with 1 .7 )..l.g pDB262 .  Several identical transfo rmat ions were done for 

each strain .  The transformed-ce l l  suspensions were gent ly centrifuged and m ost of the 

supernatant was removed, leaving 1 00 )..ll of Li- PEG buffer and cel ls per  

t ransformation .  Each t ransformation was resuspe nded i n  900 ).1.1 of one of  the 

fo l lowing solu tions :  TE,  TE  con ta in ing 1 .2 M sorbito l ,  H2 0, o r  0 .9 % sal i ne .  The  

sa l i ne  solution gave t he  best transfo rmat ion frequ e ncy,  for both stra ins  (Table 20 ) .  

On ly s l ight  i mprovement  o f  transformation was observed when  cel ls were resuspended 

i n  T E  contain ing sorbito l rather than TE alone .  U L  1 was t ransformed as above and 

resuspended in  sa l ine o r  sa l ine conta in ing 1 .2 M sorbito l .  A s l igh t ly lower 

t ransfo rmation frequency was obtained whe n  sorbito l  was inc luded in  the sa l ine .  

Subsequently a l l  transfo rmed ce l ls  were res uspended in  0 .9% sa l ine .  

The transfo rmation frequency could be increased fu rthe r  by us ing a cu l ture i n  ear l ier  

log-phase of g rowth .  When the strain UL2- 1 A was t ransfo rmed with 0.075 ).1.g of 

pFL20 a transformat ion frequency of 7.3 x 1 04 transformants/)..l.g DNA was obtai ned .  

A transformat ion frequency of 1 .5 x 1 05 transforman ts/p g pFL20 was obtained when 

t he  overn ight  cu lture (about 1 07 cel ls/m l) was d i l u ted ten-fo ld ,  instead of five-fo ld ,  

and incubated for a furthe r  th ree hours,  instead of  fou r  to  five hours ,  befo re 

h arvest ing the cel ls for t ransfo rmation .  Th is transfo rmation frequency is about 1 7  to 

40 -fold h ig her than the frequency obta ined by B roker  (4 - 9 x 1 03 , 1 987)  wi th the  

same plasmid and is  bette r than the frequency obta ined w i th  the protoplast method of 

t ransfo rmat ion (1 - 5 x 1 04 , Moreno et al. , 1 99 1 ) .  

T ransfo rmation frequencies were not always reproducib le .  Variations  of u p  to 

five- fo ld were observed between ident ical t ransformat ions carr ied out  at d ifferent 

t imes, despite great care being taken to ensure condi t ions were identical .  D upl icate 

t ransformations done at t he  same time a lways gave s im i lar  transformation frequencies.  

Not  a l l  stra ins  cou ld be t ransformed.  Stra ins U4-1 A ,  U4- 1 B,  U4-1 C ,  U4- 1 D and 

U4-1 G were a l l  ure4- 1 ura4 spore-c lones isolated from the same cross . Stra ins  

X U 1 - 1 C  and UL1 - 1 B  are ure 1 - 1  ura4 spore-c lones fro m another  cross (Resu lts 

5 . 1 ) .  The U4-1 strains  were each t ransformed with 0 .050 ).1.g of pFL20. X U 1 - 1 C  and 

UL 1 - 1 B were transformed with 0 .075 p.g pFL20.  Transfo rmat ions were done as 

described i n  Materials and Methods 7 . 1  and plated in  d upl icate. U4- 1  B ,  U4- 1  C ,  

U 4 - 1  C a n d  U4-1 G transformed wel l ,  with frequencies rang ing between 1 .3 x 1 04 and 

1 .7 x 1 05 transforman ts per 119 pFL20 (Table 2 1 ) ;  however ,  U4- 1 A , 4- 1 D , X U 1 - 1 C 

and U L1 - 1 B did not transfo rm.  The non- transfo rm able st rai ns a lso appeared to 



Table 2 0  

The effect on t h e  t ransformation f requ ency o f  resuspending t ra nsfo rmed cel ls i n  

various isoton ic and hypoton ic solutions  

aTrans fo rmation frequency 

Resuspension solut ion U L 1 X L4 - 1  

lE 5.5 x 1 02 4 .7  x 1 0 1 

T E  + 1 .2 M sorbitol 8.7 x 1 02 2 .5 x 1 02 

H2O 6 .2  x 1 02 1 . 1  x 1 02 

0.9% NaCI  2 .3 x 1 03 1 . 1  x 1 03 

s. pombe stra ins U L1 and X L4- 1  were transformed with 1 .  7 �g pDB262 by the 
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l i th ium ch loride method . The transfo rmat ion buffe r ,  Buffer I I ,  was replaced with 900 

)11 of various  resuspens ion solut ions befo re cel l s  were plated , as described in  the text .  
a Transformation frequency is the n umber of  transfo rmants obtained per )1g pDB262.  

TE and H2 0 are hypoton ic so l utions .  T E  + 1 .2 M sorbitol and 0 .9% NaCI (sa l i ne )  are 

isoton ic so lu t ions .  



Table 2 1  

S t r a i n  
b U 4 - 1 A  
b U 4 - 1 B 
b U 4 - 1  C 
b U 4 - 1 D 
b U 4 - 1  G 
cX U 1 - 1  C 
c U L 1 - 1 B  

T ransformation frequency of S. pombe stra ins 

"No.  of co lon ies per p late 

negative control 

2 

0 

0 

1 0 

0 

4 4  

1 8 

t ransformed 

8 

6 3  

2 5 5 

9 

8 4 7  

4 6  

2 9  

ce l l s  

aTransformat ion  

Frequency 

NT 
1 .3 x 1 04 

5 . 1  x 1 04 

NT 
1 . 7 x 1 05 

NT 
NT 

S. pombe stra ins were t ransformed as described in M aterials and M ethods 7 . 1 . 

• Data are the average n u mber of co lon ies on  two plates. 
a T ransformation frequency is the number of t ransfo rmants obtained pe r I1g vector 

DNA. 
b 0 .05 I1g pFL20 used for transform at ion .  
c 0 .075 I1g pFL20 used fo r transformation .  

NT  = no  t ransformants.  

1 4 0 
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' reve rt' to ura4+ ; s im i lar  n umbers of co lon ies we re obtained i n  the n eg ative controls 

and the p F L20 transformations .  Al iquots of  the X U 1 - 1 C  and U L 1 - 1 B cu ltu re s  were 

plated onto selective media before the cultu res were centrifuged and washed fo r 

transformat ion .  Co lon ies were obtained, indicat ing that the ure+ ' revertants'  were 

present  in  the cu l tures before transformat ion .  The  othe r  stra ins were not tested. 

Non- t ransformation was a lso observed with the p DB262 vector .  XL 1 - 1 A and X L1 - 1  B 

( Resu l ts  5 . 1 ) cou ld not be transformed with p D B262,  a l though X L1 - 1  D ,  which is a 

spore-c lone isolated from the same cross, cou ld be transformed w ith g ood effic iency. 

F u rthermore, XL1 - 1  A is a parent of two stra ins that cou ld not be transformed with 

p F L20 (X U 1 - 1  C and UL1 - 1  B) . No ' reversion '  of leu- to leu+ was observed wi th any 

s t ra i n s .  

Sum mary 

Carr ier DNA was essent ia l  fo r high efficiency t ransfo rmation of the stra ins used in  

th is  study . The  frequency of t ransformation by the 2 j..l. m -based p lasmid pDB262 was 

increased from about 1 0 1 to about 1 03 transformants/J..lg DNA by i nc luding 40 j..l.g 

(8 j..l.1 of a 5 mg/m l so lut ion)  of denatured ,  frag mented (s ize 2 - 1 5  kb) He rri ng  DNA 

in t ransfo rmat ions.  The  effect of ca rrier DNA on  transformation  by the ars 1 +- s tb+

based vector pFL20 was not determ ined ;  however, the transfo rmat ion frequ encies 

obtained were h igher ( 1 .5 x 1 05 t ransfo rma n ts/J..I.g DNA) than those previous ly 

reported for th is  vecto r (4 - 9 x 1 03 transfo rman ts/J..I g DNA ,  B roke r ,  1 987 ) .  T h e  

frequency o f  t ransfo rmation was increased a fu rther  4 t o  23-fold ,  depending o n  t h e  

strai n ,  by resuspending transformed cel ls in  0 .9% N aCI  before plat ing on to selective 

media .  Th is effect d id not appear to be due to osmotic frag i l ity of the cel ls .  Younger  

cu ltu res gave better transformation .  Transfo rmat ion was strain-dependen t  and some 

stra ins  d id not  t ransform at a l l .  

5 . 3  T ransformation of ure- strains with a S .  pombe gene bank 

A S. pombe gene bank was ampl i fied in E. coli. The frequency and size of i nserts in the 

gene bank were determined .  Gene bank DNA was prepared and used to transform 

S. pombe ure- mutants. Gene bank p lasmid c lones that complemented three o f  the four  

ure- m utants were recovered. The clones were hybrid ized to the  PC R primers ML 1 

and M L2 .  



5 .3 . 1  S .  pombe g e n e  bank amplification ,  i nse rt size and frequency , a n d  DNA 

p repara t ion  

A S.  pombe gene bank was obta ined,  as  a' g ift, from Dr Takash i Toda, Kyoto U n iversity, 

Japan . The  gene bank was constructed in  the BamH I  site of pDB248 by l igating with 

Sau3A part ial ly digested S. pombe genomic DNA. The gene ban k  was received as 

pu rified DNA and i t  was necessary to ampl ify the DNA i n  E. coli. 

1 4 2 

E. coli stra i n  D H 1  was electrotransformed with the gene bank DNA and t ransfo rmant 

co lon ies were g rown on Lur ia p lates contai n ing  50 )l.g/ml ampic i l l i n .  About 3.7 x 1 05 

D H 1  transfo rmant colonies were resuspended from agar p lates . The  resuspended gene 

bank c lones were sto red in  g lycero l  at -70 °C .  

The s ize and frequency of inserts in the gene bank were examined. Gene bank clones 

stored at -70 °C were gently thawed and plated o nto Luria conta in i ng 50 )l.g/m l  

ampici l l i n .  P lasmid D N A  was prepared from 48 g e n e  bank clones b y  t h e  rapid boi l i ng 

(smal l -scale) method and digested with one  of the fol lowing restriction enzymes : 

EcoR I ,  Sph l , or  Hind l l ! .  The digested and undigested plasm ids were analyzed by agarose 

electrophores is .  Out of  48 clones tested , 29 had i nserts. The insert s izes were 5 kb o r  

larg er .  Sma l l  i nse rts ( less t han  2 kb) that were not  cut with the restr ict ion e nzyme 

would not have been detected. Two other gene banks were tested in  the same way.  One 

gene bank was in  the vector pDB262 and the other gene bank was i n  the vector p F L20 . 

Both of these gene banks contained less than 1 0% i nserts so were considered not usefu l .  

Gene  bank DNA suitable for transforming S.  pombe strains was prepared from colon ies 

resuspended from plates .  Gene bank co lonies were plated as above and about 

2 - 3 x 1 05 co lon ies were resuspended in ice-cold STE buffer ( 1 .5 ml per p late ) .  

Ce l l s  were pel leted by centrifugation and resuspended in 1 00 m l  ice-co ld STE.  The  

cel ls were centri fuged again and  resuspended in  1 8  m l  ice-cold STE .  The DNA was 

prepared by the alka l i - lysis method (Materials and Methods 6 . 1 .2 ) . The DNA pel l et 

was d issolved i n  3 m l  T E  and pu rified by pheno l ,  phenol/ch loroform,  and chloroform 

extract ions .  The DNA was precipitated with e thanol  and red issolved in 1 ml TE . . 

Examinat ion us ing agarose electrophoresis showed plasmid DNA of about the expected 

size for pDB248 conta in ing inserts had been pu rified .  



5 .3 .2  Tran sformat ion of ure- stra ins  
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The  u re - s t ra ins  X L1 - 1 D  ( ure 1  leu 1 ) ,  X L2- 1 A (ure2 leu l) ,  X L3 - 1 A( ure3 leu 1) , 

and  X L4- 1 A ( ure4 leu 1) were transformed with the gene bank .  For X L1 - 1 D ,  XL2- 1 A ,  

a n d  X L4- 1  A ,  t ransfo rmed ce l is  were plated onto M M .  Colonies appeared after five to 

seven  days and were repl ica p lated onto M I N H  to select for ure+ transformants.  Colony 

densit ies of up to 1 , 000 colonies per plate were u sed. Colonies which g rew on M I N H  

were se lected for further analys is .  XL3 - 1  A transfo rmants g rew enough on M I N H  to 

affect the d i fferent iat ion of ure+ and ure- co lon ies .  The IHG ind icato r medium was 

used to ident ify ure+ XL3- 1 A transformants .  Transformed X L3 - 1  A ce l l s  were plated 

d i rectly onto I HG. A density of less than 50 colon ies per plate was used so that the 

ident ification of co lon ies expressing only weak u rease activity would not be masked by 

nearby ure- colon ies .  B lue co lon ies were selected fo r furthe r  analysis . The 

transformat ion frequency was reduced about  n i ne-fo ld by plat ing onto IHG,  rathe r  than 

M M .  

Potent ia l  ure+ t ransformants were streaked on to M I N H  for s ing le  colon ies .  Large 

isolated co lon ies from M INH  were patched onto I LG to confi rm the ure+ phenotype . 

pDB248 is rapidly lost from ce l l s  du ring g rowth u nder non-se lective condit ions  

(Beach and N u rse, 1 98 1 ) .  The stabi l i ty test (Materia ls and Methods 7 .2 )  was used to 

show that complementation of ure- was due to a gene function present on the plasmid. 

YES was inoculated with a s ingle co lony of a ure+ t ransform ant and incubated 

ove rn igh t .  The celis were then plated onto YES and the resultant co lonies were 

replica-plated onto two p lates .  One repl ica p late screened for the L EU2 gene and the 

other plate screened for the ure+ phenotype (Mater ia ls and Methods 2 . 2 ,  2 .3 ) .  

Ou t  of 2 x 1 04 XL  1 - 1 D colon ies transformed w i th  the gene bank ,  seven ure+ 

transformants were iso lated : they were des ig nated T 1 - 1 A , T 1 - 1 B ,  T 1 - 1 D ,  T 1 - 1 E ,  

T 1 - 1  F ,  T 1 - 1  G ,  T 1 - 1  N .  One ure+ t ransformant  of  X L3- 1  A ,  des ignated T3- 1  A,  was 

obta ined out  of 3 .5 x 1 03 co lon ies screened . One ure+ transfo rmant o f  X L4 - 1  A,  

desig nated T 4- 1 A,  was obtained out of 5 x 1 03 colonies screened. No ure+ 

t ransfo rman ts o f  XL2- 1 A were obta ined out of 7 x 1 0
4 

co lon ies screened . Al i  ure+ 

t ransfo rmants were tested fo r seg regation of the ure+ phenotype with the plasmid 

LEU2 gene, as described above . Loss of the ure+ phenotype was always associated with 

loss of the leu+ phenotype . Therefore, the ure+ phenotype was due to a p lasmid-borne 

gene for al i  of the ure+ transformants .  



Plasm ids conta in ing the the ure--complement ing genes were recovered by plasmid 

rescue in  E. coli. E. coli DB1 3 1 8  was e lectrotransfo rmed with DNA isolated from the 

fo l lowing yeast transformants : T 1 - 1 A ,  T 1 - 1 B ,  T 1 - 1 E ,  T 1 - 1 F ,  T 1 - 1 G , T 1 - 1 N ,  
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T3- 1 A ,  and T 4- 1  A. T 1 - 1 D was not used due to poor g rowth .  Transformant co lonies 

were g rown on Lur ia plates conta in ing 1 00 J.I.g/ml ampici l l i n .  E.  coli t ransform ants 

were obtained for a l l  DNA preparat ions, e xcept T 1 - 1  E ,  and were g iven the same names 

as the  corresponding S. pam be transformants .  For each transformation ,  p lasmid D NA 

was prepared from several co lonies and examined by agarose electrophores is .  Two 

basic plasmid forms were observed : Form One,  a good yield of DNA was obtained and the 

s ize was cons istent with supercoi led pDB248 conta in ing an i nsert ( F igure 33,  al l  

lanes e xcept 4 ) ; Form Two , a low y ie ld o f  a much larger product was obta ined ( Figu re 

33,  lane 4 ) .  The Form Two pattern was in it ia l ly  observed for a l l  E. coli tran sform ants 

of  T 1 - 1 A , T 1 - 1 B ,  T1 - 1 G , th ree out  of fou r  transformants of T 1 - 1 N ,  and two o ut of 

e igh t  t ransformants of  T1 - 1  F ;  however, subsequent  rapid boi l  p lasmid preparations 

often g ave the Form One pattern . P lasmids prepared from E. coli transformants of  

T3 - 1  A and T 4-1  A always gave the Form One patte rn .  Mu lt imeric fo rms of  pDB248 

are common ly fo rmed in S. pombe ( Heyer et al. , 1 986) . To test i f  the Form Two 

plasm ids were mu lt imeric, pT1 - 1  F #1 ( Form Two) , pT1 - 1  F #2 ( Form One)  and 

other Form One plasmids were digested wi th  Hind l l l  (F igure 34) . and wi th  Hind l l l  and 

San together  (not  shown) and examined by agarose e lectrophoresis ( the p refix 'p' 

denotes p lasmid DNA from the corresponding E. coli transformant) . All pT 1 - 1 

p lasm ids had a s imi lar band pattern in both d igests ,  indicating Form Two plasm ids may 

be mu lt imers of Form One plasm ids . 

More important ly ,  the Hind l l l  digest and the Hind l l l  - SaIl double d igest patterns show 

that the pT1 - 1  p lasm ids, orig ina l ly from five d iffe ren t  ure +  t ran sformants of 

XL1 - 1  D, were al l the same gene bank clone and that pT3- 1  A and pT 4-1 A were un ique 

clones. 

S. pombe strains XL1 - 1 D ,  XL2- 1 A , XL3- 1 A  and X L4- 1 A  were each transfo rmed with 

pT1 - 1 G , pT3- 1 A and pT4 - 1 A .  X L1 - 1 D  was also t ransformed with plasmid DNA from 

al l of the other T1 - 1  E. coli transformants . S.  pam be t ransform ants were g rown o n  

MM plates a n d  ten co lonies from each t ransfo rmation were patched onto M I N H  and I LG 

to test fo r the ure+ phenotype (Table 22) .  A l l  XL 1 - 1 D colonies that  were t ransfo rmed 

with the T 1 - 1  c lones were ure+ ,  and those transformed with pT3- 1 A and pT 4-1 A 

were ure- . A l l  X L2-1 A transfo rmants were ure-. A l l  XL3- 1  A colon ies that  were 

t ransformed with pT3- 1 A  were ure+ ,  and those transfo rmed with pT 1 - 1 G  and pT4- 1 A  

were ure- . A l l  X L4-1  A colonies that were transformed with pT 4- 1 A were ure+ .  and 



Figu re 33  

Agarose g e l  electrophoresis o f  S .  pombe gene  bank plasmids wh ich complement  ure

m utants .  

S .,  2 3  4 5 6 7 B 9 

A 1 % agarose ge l  was used and DNA was v isua l ized by sta in ing with eth id ium bro m ide. 

Plasmid DNA was prepared from E. coli cells t ransformed with DNA from S. pombe 

ure+ t ra nsformants. Lane S , molecular weight  standards, lambda D NA digested with 

Hind l l l  ( fragm e n t  s izes  i n  kb: 23 . 1 , 9 . 4 ,  6 . 6 ,  4 . 4 ,  2 . 3 , 2 . 0 ,  0 .6) ; lane 1 ,  pT1 - 1 A; 

lane 2 ,  pT1 - 1 B ;  l ane  3 ,  pT 1 - 1 F  # 1 ; lane  4 ,  pT1 - 1 F #2 ; lane  5 ,  p T 1 - 1 G ;  lanes  6,  

pT1 - 1 N  # 1 ; lane 7, pT 1 - 1 N #2 ; lane 8 ,  pT3- 1 A ; lane 9 ,  pT4- 1 A .  Where data for 

more than one E. coli t ransformant correspond ing  to a s ingle or ig ina l  S. pombe 

transfo rmant  a re  shown ,  the d i fferent  p lasmi d  isolates are denoted by an iden ti fy ing  

n umber,  eg o # 1 . 
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Figu re 34 

Agarose gel e lectro phoresis of ure--complement ing gene bank c lones d igested wi th  

Hind i l i .  

9 1 2 3 4 5 6 7 8 9  

1 4 6 

A 1 % agarose g e l  was used and DNA was v isualized by stain ing with eth idi u m  b romide.  

Plasm ids were d igested wi th  Hind i l i .  Lane S, B R L  1 Kb  molecular weight standards  

(s izes i n  kb :  1 2 . 2 ,  1 1 .2 ,  1 0 .2 ,  9 . 2 ,  8 . 1 , 7. 1 , 6 . 1 , 5 . 1 , 4 . 1 , 3 . 1 ,  2 .0 ,  1 .6 ,  1 . 0 ) ;  l ane  

1 ,  pT 1 - 1 F #2 ; l ane  2 ,  pT 1 - 1 B ;  lane 3 ,  pT 1 - 1 A ;  l ane  4 ,  pT 1 - 1 F #1 ; l ane  5 ,  pT1 -

1 G ; lane  6 ,  pT1 - 1 N # 1 ; l ane  7 ,  pT3- 1 A ; lane 8, pT4- 1 A ; lane 9 ,  pDB248.  P lasm ids 

correspo nd  to those s hown i n  F igure 33 .  



Table 22  

Complementat ion o f  ure- mutants by  transformation w i t h  gene  bank p lasmid c lones.  

S t ra i n 

X L  1 - 1 D (u re 1 )  

X L2- 1 A ( ure2) 

X L3- 1 A ( ure3) 

X L4 - 1  A ( ure4)  

pT 1 - 1 G 

+ 

Gene bank clones 

pT 3 - 1  A 

+ 

pT 4 - 1 A  

+ 

s. pombe ure- stra ins  were t ransfo rmed with gene bank plasmid clones and tested for 

complementat ion of  the urease deficient phenotype by g rowth on M I N H  and the color 

reaction on I LG .  

' + '  t ransform an ts  were  urease posit ive , comp lementatio n .  

' - '  t ransforma nts were urease defic ient ,  no  complementatio n .  

1 4 7 



those transformed with pT1 - 1  G and pT3- 1 A were ure-. One ure+ S. pombe colony 

f rom each transformation was tested to show that  ure com plementation was due to a 

p las m id  bo rne gene (stabi l i ty test , Mater ia ls  and M ethods 7 .2 ) .  T h is analysis 

confi rmed that pT 1 - 1 G specifica l l y  comple me nted the ure 1 - 1 m u tation ,  pT3- 1 A 

specif ical ly complem ented the ure3- 1 m u tat io n ,  and  pT 4 - 1  A specifica l ly 

comp lemented the ure4- 1 m utation .  
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The gene ban k  clones were tested fo r homo logy to the p e R  primers M L  1 and M L2 .  

pT1 - 1 F ,  pT3- 1 A , pT4- 1 A , and the vector p D B248 were each d igested wi th both 

Hind l l l  and SaIl (F igure 35). A clone randomly picked from the gene bank, desig nated 

#23, was also d igested as above . The digested plasm ids and the peR product M L  1 2  

were subjected to e lectrophoresis and vacuu m  blotted,  i n  dupl icate ,  onto Hybond N 

(Amersham) ny lon f i l ters.  About 2 Il-g of each digest and 1 00 ng of M L  1 2  were used 

fo r each blot. M L  1 and ML2 were used to p robe separate b lots (Materials and Methods 

6 . 1 3 ) .  The M L 1 2 fragment  hybridized strong ly to both probes (F igure 36) .  No other 

bands hybridized sig n i f icant ly to e i ther probe .  Very weak hybrid ization to many 

bands, inc luding the  lambda DNA molecular weight m arke rs, was obtained with both 

ML 1 and ML2.  

Su m mary 

Seven ure+ transfo rmants of X L  1 - 1 D ,  one ure+ transform ant of X L3- 1 A and one  ure+ 

transform ant of X L4- 1  A were isolated by comp lementation with a gene bank. The ure+ 

t ransformants were obtained at a f requency of about one pe r 3 ,000 t rans formants for 

ure 1 and ure3, and one  per 5 ,000 transformants for ure4. No ure+ t ra n sfo r m a n t s  

were obtained for ure2 , o u t  of  about 70,000 transformants screened . F ive ident ical 

S. pombe gene bank plasmid clones that comp lemented the ure 1 - 1 m utation ,  one clone 

that  complemented the ure3- 1 mutation ,  and one clone  that complemented the ure4 - 1 

m utat ion were isolated from the transformants by p lasmid rescue i n  E. coli. The ure 1 ,  

ure3, and ure4 clones d id not hybridize to the  p e R  pri mers M L  1 and ML2 .  



Fig u re 35 . 

Agarose e lectrophoresis of ure--complement ing gene bank c lones ,  d igested with 

Hind" I and San .  

S 1 2 3 4 5 6 

A 1 % agarose ge l  was used and DNA was v isua l ized by staining with ethid ium bro m ide. 

Plasm id DNA (2  I1Q) was digested with Hind l l l  and Sail . Lane S, B R L  1 Kb molecular 

weight standards (s izes in  kb:  1 2 .2 , 1 1 .2 , 1 0 . 2 , 9 . 2 , 8 . 1 , 7 . 1 , 6 . 1 , 5 . 1 , 4 . 1 , 3 . 1 , 

2 . 0 , 1 .6 , 1 .0 ) ;  lane 1 ,  M L 1 2 ;  lane 2 ,  pTi i F  #1 ; lane 3 ,  pT3- 1 A ; lane 4 ,  pT4 - 1 A ;  

lane 5 ,  p DB24 8 ;  lane 6 ,  #23 ( random gene bank clone ) .  

1 4 9 
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F ig u re 3 6  

A utoradiog raph o f  ure--complementing g e n e  b a n k  p lasmid clones h ybridized with PCR 

prime rs M L  1 and  M L2 .  

23 . 1  
1 2. 2  1 0 . 2  8. 1 

6. 1 
4 . 1  
3 . 1  
2 .0  
1 .6 
1 .0 

1 2 3 4 5 6 7 8 9 10 11 12 

PCR p rimers were radio labeled with 32 p using polynucleotide k inase and u sed to p robe 

the Hind / l l  and San d igested gene bank  clones ,  as  shown in Fig ure 35.  Lanes  1 to 6 

were probed with M L  1 ,  lanes 7 to 1 2  were probed with M L2 .  Lanes 1 and  7 ,  M L1 2 ;  

lanes 2 and 8 ,  pT1 - 1  F # 1 ; lanes 3 a n d  9 ,  pT3- 1 A ;  lanes 4 a n d  1 0 , p T  4- 1 A ;  l a n e s  5 

and 1 1 ,  pDB248 ; lanes 6 and 1 2 , #23 (random gene  bank clone) .  M arker s izes i n  

ki lobases are ind icated . 



DISCUSSION 

1 GROWTH AND DIFFERENTIATION OF S. POMBE URE+ AND URE- STRAINS ON 

HYPOXANTH INE, U REA, AND INDICATOR MEDIA 

1 5 1  

Schizosaccharomyces pombe can use the pur ine hypoxanthine as a sole n itrogen source 

by degrading i t  to ammonium (LaRue and Spencer,  1 968) . U rease and at least four  

other enzymes are  requ i red for  th is breakdown (K i nghorn and F lu r i ,  1 984 ) .  A l l  of 

the ure- muta nts used in  th is study were previous ly i so lated from wi ld type S. pombe, 

fo l lowing N- methy l - N'- n i t ro - N- n i t rosog uan id ine  (NTG)  m utagenes is  a nd nystat in  

en rich ment .  Mutants deficient i n  hypoxanth ine breakdown were ide ntif ied by repl ica 

plat ing on to M I N H ,  a medium with hypoxanth ine as the  only n i t rogen source. U re ase 

mutants were ident ified among the co lonies defective i n  hypoxanth ine ut i l izat ion by 

the i r  i nabi l i ty to use urea as a sole n i t rogen source i n  l iqu id media (K inghorn and 

F lur i ,  1 984) or  by a negative RUH reaction (mutant LH 1 62 ,  th is study,  data not 

shown ) .  

Transformation and genet ic mapping of the ure - stra i ns  requi red strains conta in ing 

one  o r  more auxotroph ic markers .  The refore, se lect ive med ia  were required that  could 

d i fferentiate between ure+ and ure- co lon ies when am ino  acid and nucleotide 

supplements were inc luded in  the test mediu m .  Solid m edia contain i ng u re a  ( M I N U )  or 

hypoxanth i ne  ( M I NH)  as the sole n itrogen sou rce were in i tia l ly conside red good 

candidates. M INH  gave excel lent differentiation of  ure+ and ure- stra ins when no 

supplements were i ncl uded ,  wi th the exception of  ure3- 1 stra ins .  ure3- 1 stra ins  

g rew s ign ificant ly on M I N H .  Transformant co lon ies o f  X L3 - 1  A ( /eu 1 ure3- 1 )  g rew so 

wel l  on M I N H  that  the med ium could not be used to detect u rease activity . When the 

supplements leucine, h ist id ine and uracil were i nc luded i n  the medium the c larity o f  

d iffe rent iat ion of ure+ and ure- strains was reduced, bu t  st i l l  acceptable,  fo r  a l l  

stra ins  except XL3-1 A.  I t  is l ike ly that  the background  g rowth of ure- stra ins on  

M I N H  was caused by a sma l l  amount o f  nutr ient impuri t ies i n  t he  media, despite 

ana lyt ical-g rade reagents , Noble agar and Mi l l i - Q-pu r if ied water bei ng used . A l l  

S. pombe strains could g row sl ight ly when no  n it rogen source was included i n  the  

med ium .  A simi lar effect has been noted with a m ed ium used for Saccharomyces strai n  

diffe rentiat ion .  A defined medium with lysine as  the so le  n itrogen sou rce conta ined 

enough impurit ies to suppo rt l imited growth of Saccharomyces species that cannot use 

lys ine (Morris and Eddy ,  1 957 ) .  Pyr imid ines ,  eg o u rac i l ,  and certain amino acids ,  

i nc lud ing leucine but  not  h ist id i ne ,  can be used as a sole n i trogen source by S.  pombe 

( La Rue and Spencer ,  1 967 ;  LaRue and Spencer, 1 968 ) .  U raci l is used as efficien tly 
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as hypoxanthine and leucin e  is used poorly. I n  t he  p resent study , the supplements 

were used at the standard concentration of 50 Ilg/m l (Gutz et al., 1 974) , which 

corresponds to about  0 .3 - 0 .4 mM for each of  the amino acids and about 0 .5 mM for 

u raci l .  The total n it rogen contr ibut ion for the u raci l  a nd leucine supplements was 

a bou t  1 .2 mM,  0.3 m M  ni trogen from leucine and 0.9 m M  ni t rogen from u racil ( two 

n i t rogens per  molecu le ) .  Th is  should be suff icient n i t roge n  to support som e  growth of  

S. pombe, s ince good g rowth was obtained wi th 2 m M  n itrogen .  

The  background growth of ure3- 1 and XL3- 1 A  on M I N H  may have been due to  a very 

low level o f  u rease act ivity . Neurospora crassa m utants wi th part ial u rease activity 

can sti l l use urea as a sole n i t rogen source ( Haysman and Howe, 1 97 1 ) .  Aspergillus 

nidulans m utants with 5 - 8% of the wi ld-type urease activ ity can g row on plates with 

urea as the sole n itroge n  sou rce , producing co lonies with h al f  the diameter of the wi ld

type. I n  the present study, the lowest u rease activity that cou ld  have been detected i n  

S. pombe cel l -free extracts was  about 2% o f  the  wi ld - ty pe activity . Although no 

u rease activity was detected in ure3- 1 cel l-free ex tracts ,  if a u rease activity lower 

than 2% of the wild-type was present it would not have been detected and may sti l l  

have been sufficient to  a l low some g rowth on M I N H .  

Wi ld-type S .  pombe can grow wel l  i n  M I N U  l iqu id m edia (K i nghorn and Flu r i ,  1 984) ;  

however, poor g rowth was observed when sol id M I N U  med ium i n  petri plates was tested 

( Results 1 . 1 ) . I t  is poss ible that a localized pH change around ure+ colonies on M INU ,  

due  to t he  action of u rease on urea ,  inh ibited growth. Such an  effect would not be 

observed in l iquid media because any pH change would not be loca lized, but wou ld be 

rapidly d issipated in the m ediu m .  Jones and Mobley ( 1 988) fou nd i t  necessary to 

reduce the u rea concentration in a u rease ind icato r medium to avoid inhibit ing u rease

posit ive bacte ria that were sensit ive to pH rises (Mobley and H ausinger, 1 989) .  The 

u rea concentration in M I N U  (2  mM = 0 .0 1 2%) is wel l  below the urea concentration in 

the I H G  ind icator plate (0.2%). Growth on I HG was not as  good as on M I NA or M I N H  but 

was much better than the g rowth on M INU .  The basal medium of I HG was s imi lar  to 

that of M I NU ,  M I N H ,  and M I NA, apart from the diffe rent n i t roge n  sources. However,  

I HG d id have several differences fro m  these other m edia wh ich m ay have affected the 

g rowth : the agar concentration was 3% rather than 2%, the acidi ty was higher ,  pH 4 .5  

rather  t han  pH 5 .5 ,  and bro mocresol g reen ind icato r was included . The  higher agar 

concentration ,  lower pH, and the pH indicator in I H G  may have e xerted a buffering 

effect wh ich inh ibited a local pH increase enough to allow g rowth .  I t  took several days 

for the bromocresol green in  IHG to tu rn blue around g rowing colonies,  indicating a 

s ign ificant pH change occu rred on ly after co lonies had reached a reasonable size. 
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Another  possibi l ity is that the  a m mo n i u m  su l fate (2 mM)  i n  I HG repressed the u rease 

activity so  t h at less ammonium was produced and, therefore , a s mal ler pH i ncrease 

occurred. Th is is u n l ike ly because S. pombe u rease is not contro l l ed  by n it rogen 

c atabo l ite repression ( D iscuss ion 2 .2 ) . The possibi l i ty o f  a pH r ise caus ing i nh ib i tion 

of  g rowth on  M I N U  cou ld be easi ly tested by i ncreasing the  phosphate buffer 

con ce nt rat ion i n  the mediu m  and inc lud ing  a pH ind icator to v isual i ze a pH r ise.  

The s tandard sol id medium for iden tify i ng  urease activ ity in yeasts is C hr istensen 's  

u rea aga r  ( K reger-Van R ij , 1 984) . This  medium was not  sensit ive enough to detect 

u rease activity of  S. pombe i n  the  present study , requires five d ays i ncubation before a 

neg at ive  test can be scored,  and is used in slants rather than plates. I ndicator media 

I LG and I H G ,  wh ich enabled different iat ion between ure+ and ure- S. pombe colon ies on 

plates, were developed in the present study. A pH rise a round  ure+ colonies on these 

media ,  due  to the hydrolysis of u rea ,  changed a pH indicator (bromocresol g reen) from 

green to b l ue .  The medium aro u nd ure- colonies changed from g reen to yel low, 

presumably due to the production of  acid end-products from g lucose metabo lism. 

H igher  levels of g lucose produced more ye l lowing of the med ium by ure- strains and 

less b lue co lor  change by ure+ strains .  The strains ure3- 1 and  X L3 - 1  A g rew 

s ign ificant ly  on M INH  and a lso produced less ye l lowing of the indicator medium than  

othe r  ure - strains. Th is m ay ind icate a low level of  urease act ivity i n  these stra i ns .  

Bo th  o f  these strains g rew as  qu ickly as  the  other ure- stra ins  so  there is no reason to 

suspect that a lower rate of g l ucose breakdown caused less ye l lowing of the medium.  A 

b lue  color change was dependen t  on  both u rea being present i n  the m edium and the test 

stra in having u rease activ ity. Therefore, these media appear to specifica l l y  identify 

u rease activity. These media were not affected by n utrit iona l  supplements and colon ies 

patched or repl ica plated onto I LG cou ld be confidently scored with in  two days 

incubation at 30 ce.  

2 C HARACTERIZATION OF URE MUTANTS 

I nt roduct io n  

Fou r  u n l inked u rease (ure) loci h ave been ident ified in  S .  pombe (K i ng horn and F l u ri ,  

1 984;  and  R esu lts 2 ) .  Four  loci are a lso requ ired for Asperg illus n idulans (Mackay 

and Pateman , 1 982) , and Neurospora crassa u rease activity ( H aysman and Howe, 

1 97 1 ; Benson and Howe, 1 978) .  A nother  fungal  u rease s im i lar ly s tudied is  that o f  

Ustilago violacea, which requ i res two loci for u rease activity (Bai rd a n d  Garber, 

1 98 1 ) .  The functions of some of these genes are known .  For A.  nidulans, ureA appears 



to be a structura l  gene coding fo r the  urea active transport protei n  ( Pateman e t  al. , 

1 982) , ureB codes for the single urease e nzyme subuni t  (Mackay and Patema n ,  
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1 982) , the funct ion of ureC is unknown and ureO i s  p robably i nvolved i n  the synthesis 

o r  i ncorpo rat ion of  the n ickel cofactor requ i red for u rease activity ( M ackay a n d  

Pateman ,  1 980) .  The functions of  the four  ure genes of  N. crass a are u nknown ;  

however ,  t hey a l l  appear to be structura l  genes wh ich code for p rotei ns essen tial for 

u rease activity ( H aysman and Howe , 1 97 1 ) .  The U. violacea ure 1 gene codes for the 

s ing le  urease subunit and the ure2 gene probably has a urea transport funct ion . 

2 . 1 Urea transport 

A urea transport role was considered for one or more of the S. pombe ure genes .  U rea 

transport system s  are found in a lgae, bacte ria and fungi (Mobley and Haus inger ,  

1 989 ) .  Funga l  m utants wh ich have a n  inactive u rea transport system sti l l  a ppear to 

have urease activity . U. violacea ure2 mutants have a non-fu nctiona l  u rea transport 

system and do not accumu late u rea i n trace l l u lar ly (Baird and G arber, 1 98 1 ) .  

U nd is rupted ce l ls  o f  these mutants show no u rease activity ; however,  cel l -free 

extracts have wi ld-type urease activ ity . U. violacea ure 1 mutants have a non 

funct iona l  u rease enzyme and  accumu late u rea .  Both whole cel ls a nd cel l -free extracts 

of  U. violacea ure 1 mutants have no u rease activ ity. A. nidulans mutants w hich have a 

non- fu nct iona l  u rea active transport system ( ureA mutation) a re ab le to g row o n  u rea 

i f  the  ex t race l l u lar u rea concentration is  suff icient ly high (>3 m M )  to al low u rea to 

enter  the cel l ( Pateman et  al. , 1 982) . Therefore, they must st i l l  h ave an active 

u rease and ce l l -free extracts would h ave u rease act ivity . 

I n  the present study, no urease activ i ty was detected in any o f  t he  cel l-free extracts o f  

S .  pombe ure mutants.  Simi lar ly ,  no ne o f  the N. crassa ure m utants has w i ld-type 

u rease activity in cel l - free extract ( H aysman and Howe , 1 97 1 ) .  The refo re ,  none of 

the fou r  ure genes identified for these o rgan isms appears to h ave a u rea t ransport 

function .  The  apparent  absence of u rea transport mutants of S. pombe is e xpected 

because t he  ure mutants were in i t ia l ly ident if ied by their  i n ab i l i ty  to use 

hypoxanth ine as a so le  n itrogen sou rce , no t  by  the i r  inabi l ity to  use u rea .  I t  is 

possible that one or more as yet un iden tified genes in S. pombe, and perhaps in  N. 

crassa as we l l ,  encodes a u rea t ransport system .  

The  measurement  of  whole-cel l  u rease act ivi ty involves fou r  processes:  e ntry of u rea 

in to t he  ce l l ,  hydrolysis, ex i t  of  ammon ia  from the cel l ,  and quant i tat ion of  the released 

ammon ia .  Ut i l ization of the ammonia released by urea hydro lysis may also affect the 
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measu re ment  of urease activ i ty, a lthough fo r the S. pombe urease assays in the  presen t  

study the  effect wou ld b e  neg l ig ible because assays were carried o u t  for on ly two 

m inutes.  The whole-cel l  u rease activity of wi ld-type S. pombe was less than 6% of the 

cel l - free ex t ract activity (Tab le 1 3) .  The  rate - l im it ing step may be the entry o f  u re a  

i n to t h e  ce l l .  I t  i s  less l ike ly that ammonia diffus ion i s  t h e  rate l im it ing s tep. For 

bacter ia without a u rea transport system,  the permeab i l i ty of the cel l  membrane to 

u rea is  1 04 to 1 05 t imes lower than the permeabi l i ty to a m mon ia (Jahns et al. ,  

1 988) . A u rea concentrat ion of  at least 1 00 mM wou ld b e  requ i red for diffusion

supported g rowth of  bacter ia on u rea (Jahns et al. , 1 98 8 ) .  In contrast, bacter ia 

(Jahns e t  al. , 1 988) and A. nidulans ( Pateman et al. ,  1 982 ) ,  wh ich have an energy

dependent u rea transport system can g row wel l  o n  u rea at concentrations below 5 m M .  

A.  nidulans ureA mutants lack active transport of u rea a n d  g row poorly o n  urea be low a 

concentration of 3 mM,  but they g row wel l  on  urea above 3 m M .  Urea t ransport of 

these m utants at the h igher u rea concentrations i s  l ikely to be facil i tated by a second,  

energy- independent, passive o r  faci l i tated d i ffusion transport system (Pateman et  al. , 

1 982 ) .  Wi ld- type S. pombe can g row wel l  on  low concentrations of u rea (2 m M ;  

K inghorn and F luri ,  1 984) s o  a u rea transport system probably ex ists fo r th is  yeast . 

2 . 2  Urease I nducibi l ity 

The poss ib i l ity of a u rease i nduction or repression fu nct ion for the S. pombe ure g enes 

was considered. The activity of  urease in S .  pombe, un l ike the act ivity of the  other 

pur ine catabo l ic enzymes,  is  not induced by the pur ine i nducers hypoxanth ine,  u ric 

acid, a l lanto in ,  or a l lantoic acid (F l u r i and K inghorn , 1 985a) . Const i tut ive levels of 

activity are obtained with a l l  of  the purine i nducers .  It was known that u rease activity 

was present when urea was not included in the media (fo r e xample see F lu ri and 

K i ng horn ,  1 985a) ; however, i t  was unknown if u rea could i ncrease the level of u rease 

act ivity. The u rease act ivity of S. pombe cel l - free extracts was unaffected by 

i nc luding 0 . 1 % urea in the g rowth medium (YE) (Resu lts  3 .2 .3 ) .  S. pombe urease 

activity is a lso unaffected by g rowth in the presence of  n i t rogen sources known to cause  

n it roge n  repress ion . S imi lar  leve ls o f  activity were obta ined for cel ls grown o n  

g l u tamate o r  g lutamate and ammon ium (F lur i  a n d  K ingho rn ,  1 985a) , or  ammon ium 

( K inghorn and  Flur i ,  1 984) .  G l utamate is a neutral n i troge n  sou rce and does no t  caus e  

n it roge n  repression i n  S .  pombe ( F l ur i  and K inghorn ,  1 985a) ,  whereas ammonium i s  

known t o  cause nitrogen repression (Davis,  1 986). S .  pombe urease does not appear 

to be i nduced by urea or cont ro l led by nitrogen repression .  For comparison, 

A. nidulans u rease i s  repressed by g rowth on ammon ium or g l utam i n e ,  but not by 

g rowth on g l utamate or u rea (Mackay and Patema n ,  1 982) .  The reg u latory gene 



i nvolved i n  A.  nidulans n itrogen repression has been cloned,  sequenced and studied 

(Kud la  et al. , 1 990) .  Also, u rea does not induce A. nidulans urease. There does n ot 

appear to be an obvious reg u latory ro le for any of the  S. pombe ure genes;  however, it 

i s  s t i l l  possible one of the g enes encodes a positive, essent ia l  activator of  u rease 

t ra n sc r i pt i o n .  

2 . 3  N ickel transport/cofactor 
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A ro le i n  the synthesis ,  inco rporat ion o r  transport of a n icke l cofactor was considered 

for  t he  S. pombe ure g enes.  A l though no direct i nvolvement  of n ickel in S.  pombe 

u rease was tested, to date, a l l  ureases tested have contained n icke l .  2-mercaptoethanol 

compet i t ive ly inh ibits u rease by a charge-transfer  to a n ickel ion  (Andrews et a l. ,  

1 984 ;  Todd and Hausinger, 1 989) .  The absence of any effect o n  S. pombe urease 

act iv i ty by i ncluding n ickel in the g rowth medium or 1 m M  2 -mercaptoethanol in the 

assay buffer is insufficient to suggest n icke l  is absent from S. pombe urease. The  low 

concent rat ion of 2-mercaptoethano l  (1 mM) may not sig n if icant ly  inhibit S. pombe 

u rease at h igh (50 mM) urea conce ntrations (D iscussion 4 . 1 )  and supplementat ion  of  

t he  medium wi th n icke l  may not be requi red (D iscussion 4 .4 ) .  

N ickel h as been direct ly demonstrated in p lant and bacte rial u reases, and impl icated i n  

f ungal u reases (for rev iew, s e e  Hausinger ,  1 987;  and Mobley and  Hausinger ,  1 989) . 

A n ickel  transport system a n d  a ce l lu lar component  fo r n ickel i ncorporation in to 

pro te in  a re required for urease activi ty. Synthesis of i nactive u rease apoenzyme ,  

l ack ing a n ickel component ,  has been demonstrated for m an y  o rgan isms grown i n  n ickel 

defic ien t  med ia  or in the presence of  a nickel chelator. F urthermore ,  the apourease 

could be  activated by i ncubat ing whole ce l ls  in the presence of n ickel ,  even in  the 

absence of  protein synthesis (see above reviews and refe rences therein ; Rando et  al. , 

1 99 0 ;  Lee et al. , 1 990) . Apoenzyme reconstitution appeared to be  energy dependent .  

N icke l  added to ce l l -free extracts cou ld not reconst i tute apo u rease,  the refore , a 

ce l lu lar facto r  (as wel l  as t h e  p rese nce of n icke l )  appears to be n ecessary fo r n ickel 

i ncorporat ion i n to prot.e in  ( M u l rooney et al. , 1 989 ; Rando et  al. , 1 990;  Lee et al. , 

1 9 9 0 ) . 

The abi l i ty of S. pombe ure m utants to g row on hypoxanth ine was not restored by 

inc lud ing  0 . 0005% to 0 .05% (about  0 .02 to 2 mM) n icke l  su l fate and manganese 

su lfate i n  the medium (Resu lts 2 . 1 .3) . Both manganese and n ickel were used because 

these m etals increased the u rease activ ity of Lactobacillus fermentum in a synerg istic 

manne r  ( Kakimoto et al. ,  1 990 ) .  The lack of  response of S. pombe ure mutants to 
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n ickel is i n  contrast to resu l ts obta ined i n  s im i lar  tests with Aspergillus nidulans 

ureD m u tants (Mackay and Pateman ,  1 980) . The u rease activ i ty and u rea u ti l izat ion 

of A.  nidulans ureD mutants i s  pa rt ia l ly  restored by i nc luding 0 . 1  mM N iS04 in the  

g rowth medi u m .  The ureD g ene m ay be responsible for the  production or  incorporation 

of  a n icke l  cofactor essential for u rease act ivity (Mackay and Pateman , 1 980) .  

Mackay a n d  Pateman ( 1 980) have d iscussed sim i larit ies between cnx mutants and the 

n ickel m utants of A. nidulans. The cnx m utants are a l l  i nvo lved in  the synthesis or  

i ncorporat ion of a molybdenum cofactor ,  yet on ly one out of the seven classes of cnx 

mutan ts responds to the addit ion of molybdenum . Therefore ,  fo r S. pombe ure 

mutants ,  the  l ack of response to n ickel does not necessari ly ru l e  ou t  a nickel-related 

funct ion for the ure genes. I t  also seems possible that the A.  nidulans ureD mutant that 

exh ib i ted part ia l  restoration of  urease activity was a leaky mutant .  Perhaps a 

defective gene  product responsible fo r incorporation of the n ickel cofactor had an 

altered Km for  n ickel ,  or  some othe r  defect , that could be ove rcome wi th  increased 

n ickel conce nt rations .  Al tern ative ly ,  ureD may be a n ickel t ransport m utant .  

N ickel transport systems in several bacter ia ,  N. crassa, and S. cerevisiae have been 

characte r ized (Hausinger ,  1 987 ;  Jahns  et al. ,  1 988) . Gen eral l y  they appear to be 

energy-dependent systems and som e  have a very high aff in i ty for n icke l .  I n  addit ion to 

a n icke l -speci fic transport system ,  n ickel often appears to be t ransported by a lower 

affi n i ty  m ag nesium-specific t ransport system ( Haus inger ,  1 987 ) .  M utat ions i n  a 

n ickel -specific t ransport system lead to a h igher  requ i rement  for n ickel i n  Alcaligenes 

eutrophus. N ickel was probably t ranspo rted by the second lower affin ity t ransport 

system ( Eberz et al. , 1 989) . I f  S. pombe can transport n ickel v ia two separate 

systems,  as above , then it is un l ikely that any of the ure ge nes h as a transport 

funct io n .  I f  o n e  transport system i s  non-functional , n icke l  t ransport shou ld s t i l l  

occur  v ia the  second system , although perhaps on ly a t  h igher n ickel concentrations .  

The defect shou ld be overcome by increas ing the extrace l l u lar n icke l concentration .  

Each o f  the  ure genes maps to  a s i ng le  locus ,  as shown by the  m eiotic recombination 

data (Resu l ts  2 .2) ;  therefore,  no ure class wou ld represent  m utat ions in two transport 

systems u n less the systems shared a common component or the ure mutant had 

mutat ions  in two adjacent transport genes .  

2 .4 Urease subun its 

The subun it composition of S. pombe u rease was investigated to determine how many 

ure g enes would be requ i red to code for the  structural parts of the  enzyme. One 

subun it ,  p robably present as a dimer,  was present  in  active S. pombe u rease 
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( Discussion 4 .8) . A s ing le ure gene would be sufficient to encode the u rease enzyme .  A 

s ing le  urease subuni t  and corresponding gene have been ident ified for two other fung i ,  

Ustilago violacea (Baird and  Garber, 1 98 1 )  and Aspergillus nidulans (Mackay and  

Pateman ,  1 982 ;  C reaser and  Porter, 1 985) . I n  cont rast , bacter ia l  u reases usua l l y  

h ave two or th ree d ifferent subuni ts wh ich are encoded on separate genes and 

t ranscr ibed, w i th  other genes i nvo lved in  u rease activity , as a s ing le po lycistron ic 

messenger RNA (Mobley and Hau singer ,  1 989 ;  Jones and Mobley ,  1 989 ; Labigne et 

al . ,  1 99 1 ) .  

3 GENETIC MAP O F  THE S. POMBE URE GENES 

The frequ ency of in tragen ic recombinat ion is e xtremely low when compared to 

reco m bination over much larger  intergen ic d istances. The hig h frequency of  

prototrophic progeny observed when d i fferent ure- stra ins o f  S. pombe were crossed 

(K i ngho rn and F lu r i ,  1 984 ; this study, Resu l ts  2 . 1 . 1 ) indicates ure 1 ,  ure2, ure3, 

and ure4 represent d ifferent complementation g ro ups and are not a l le l ic .  Each of the 

ure genes was assigned to a chromosome by induced haploidization and then mapped by 

me iot ic recombination .  Ana lysis of haplo idization data has been discussed by Koh l i  et 

al. ,  ( 1 9 77) . For each ure gene mapped, two diploid heterozygotes were i ndependently 

haploid ized and equal numbers of haploid seg regants from each were analyzed. Linkage 

of  the ure genes to the respective ch romosome markers was indicated by a near o r  total 

abse nce of the two recombinant configurat ions.  The ure 1 gene was al located to 

chromosome I I I ,  ure2, ure3, and ure4 were al located to chromosome I .  For a l l  

haplo idized diplo ids, there was an e xcess of  Iys 1 + ura 1 - genotypes among the h aploid 

seg regants (Table 9 ) .  lys 1 and ura 1 are on chromosome I .  The most l ikely 

exp lanat ion for the bias towards lys 1 +  ura 1 - is a se lection against lys 1 - g enotypes . 

I t  does not seem likely that the wi ld-type ura 1 a l le le  would be selected against .  

Se lect ion against Iys 1 wou ld account for the observed under-representat ion of ure

genotypes for ure2, ure3, and ure4 because these genes are a l l  on chro mosome I .  

There i s  also a b ias i n  favo r o f  his3+ for a l l haploid segregants, e xcept those from 

ure3. For ure3, the frequency of his3+ haploid seg regants from the two diplo ids was 

92% and 26%, giv ing an overal l  frequency of 59% (Table 9 ) .  Se lection  against his3-

(or a his3- l inked gene) may have occu rred for a l l  haploid segregants except those 

from one of the ure3 dip lo ids.  Se lection aga inst  lys 1 - and his3- (or h is3 - lys 1 -
l i nked genes) can account  for the excess of one recombinant class (his3+ ure+) 

amongst the ure2, ure3, and ure4 haploidized segregants (Table 1 0) .  Se lection against  

his3- can a lso account fo r the absence of the parental ure 1 + his3- and the 

recombinant ure 1 - his3- genotypes. No b ias was observed wi th the ade6 genotype. 
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Another exp lanation fo r the  observed biases towards pa rticu lar  genotypes is  that 

chromosomal nondisjunction occu rred dur ing the ou t  g rowth of the zygote ;  h owever i t  

does not seem l ikely that th is  would occur fo r both of the dip lo ids that were h aploidized 

for e ach of the ure genes. Ch romosomal non-d isj unct ion could account for the  

d iffe rence i n  bias noted for segregants from the two ure3 diploids. 

Tet rad analysis was used to determine the l inkage relationsh ips between ure 1 and the  

chro mosome I I I  marker genes fur 1  and ade6; and  between ure2, ure3, and ure4 and 

the chromosome I marker genes /ys 1 ,  ura2 and ade4. Al l  genetic distances, i nc lud ing 

those p reviously publ ished,  were corrected fo r m u l t ip le crossovers, as described by 

M u n z  et at. ( 1 989 ) .  

The distance between ure 1 and fur1 o r  ade6 was 3 2  c M  and 50 cM , respectively. These 

distances correspond wel l  to the known distance between fur1 and ade6 (21 .6  cM,  

Koh l i  et  a/. , 1 977; Munz et  a/. , 1 989) and the centro mere l inkage observed for ure 1 

(Table 8 ) .  ure 1 can be pl aced on the left arm of ch romosome I ,  d istal to fur 1  ( Fig u re 

3 7 ) . 

The map d istance between ure2 and /ys 1 ,  ura2, or ade4 was >200 cM , 69 cM , and 1 00 

cM ,  respective ly .  The previously publ ish ed map distance between /ys 1 and ura2 i s  

1 00 cM (Munz  et  a/. , 1 989) , and between ura2 and ade4 is 1 68 cM (Koh l i  et  a/. , 

1 977 ;  Munz  et a/. ,  1 989) . Therefo re ,  ure2 can be p laced between ura2 and ade4 

( F ig u re 37 ) . 

The map distance between ure3 and /ys 1 ,  ura2, or ade4 was >200 cM, 9 1  cM,  and 3 1  

cM,  respectively .  Therefore , ure3 can b e  placed between ura2 and ade4 ( F igu re 37 ) .  

The map d istance between ure4 and /ys 1 ,  ura2, or  ade4 was 1 00 cM , 1 1 5 cM , and 1 35 

cM , respectively .  Therefo re ,  ure4 can be tentative ly ass igned to the left arm of 

ch ro mosome I (F igu re 37) .  The closest l i nkage , between ure4 and /ys 1 ,  was on ly 

sig n i fican t  at the 1 0% leve l ,  a l though it is assu m ed g reater sign ificance wou ld be 

obtained with larger nu mbers of tetrads ana lyzed.  The calculated m ap d istances a re 

very la rg e  and ,  the refo re , may be subject to considerable e rror (Munz et a/. , 1 989 ) . 

For com parison ,  the four ure genes of Neurospora crassa are present as two sets of  

closely l i nked genes (Kolmark, 1 969;  Haysman and Howe , 1 971 ) .  The four  ure genes 

of A spergillus nidu/ans are present as one set of two closely l inked genes and two other  

un l i nked g enes (Mackay and Pateman, 1 982) . The two ure genes of Usti/ago vio/acea 

are un l inked (Baird and Garbe r ,  1 98 1 ) .  



Fig u re 37 

Genetic map of S .  pombe ch romosome I and I I ,  showing the positions of  the ure genes.  
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T h e  genetic distances est imated i n  the present study are subject to several sources o f  

e rror .  F i rst ly ,  on ly a sma l l  n umber  of  tetrads was  anal yzed, between 4 1  and 99 

(Table 1 2) .  Therefo re, smal l  changes in the number of  tetrads in a particu lar  class 

can dramatica l ly affect the map distance, ego one more N P D  tetrad for the 
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ure3- 1 - ade4 data wou ld i ncrease the calculated m ap distance from 3 1  cM to 40  cM.  

Secondly ,  the map distances fo r the  larger  in tervals wi l l  on ly  be  a rough est imate  of  

t he  t rue genet ic distance (Munz  et al. , 1 989) .  Third ly ,  i nterference was assumed to 

be absent because, ove ra l l ,  the i n terference con stant ( k) i n  S. pombe is close to one ;  

however, i n terference may  vary between  particular segments o f  t he  chromosomes,  

w i th  extremes of k = 0 .2  to k > 2.0 (Munz et al. , 1 989) . I nterference can 

dramat ica l ly  affect the map d istance, eg o if in te rference is taken in to acco u nt ,  the 

a de4 - ura2 distance is 207 .8  cM instead of 1 68 cM (Munz  et al. , 1 989) . A fu rther  

sou rce of  e rror could come from the se lective viabi l i ty of spores . Asci contai n ing two 

o r  more non-v iable spores cannot be included i n  the tetrad a nalysis. I f  certain c lasses 

of  s pores,  eg o particu la r  recombinan ts ,  had poo r v iabi l ity , then the map distances 

could be affected. For example ,  if the asci not included in the analysis because of poor 

spore v iabi l ity were more l ike ly to contain a recombinant spore class the ca lcu lated 

map distance would be underest imated . The fractio nal  spo re viabi l i t ies for each cross 

are presented in  Table 1 1 .  The proport ion of asci conta in ing two or more non-viable 

spores was between 5% and 1 9% fo r a l l  crosses e xcept ure3- 1 h- x 2 1 43 .  Fo r th is  

cross ,  37% of the asci con tained two or more non-v iable spores. The accu racy o f  the 

recombinat ion data was examined by comparing gene-pai r  genetic distances calcu lated 

from the data of  the present study with the prev iously publ ished distance for the same 

gene  pair .  The fur1 - ade6 distance was 35 cM (th is study) , compared to the 

p revious ly publ ished value of  2 1 .6 cM. The lys 1 - ura2 and ura2 - ade4 i nte rva ls  

est imated from the data of th is study were as fol lows : ure 1 data - 86 cM and 1 28 cM,  

ure2 data - 1 06 cM and � 200 cM, and ure3 data - 70 cM a nd 73 cM , respective ly .  

The prev ious ly  publ ished val ues are lys 1 - ura2, 1 00 cM and ura2 - ade4, 1 68 cM . 

Obviously the map distances calcu lated in  th is study m ay be i naccurate and should be 

treated as a g eneral gu ide on ly .  I n teresting ly ,  the data from the crosses with the lowest 

spore viabi l i ty (ure3 data) gave better estimates of the map d istances than the c rosses 

with higher v iabi l i ty . Spore inv iabi l i ty does not appear to have been associated with 

the lys 1 ,  ura2, or ade4 genotypes, al though the effect on the ure genotypes cannot be 

de termined .  



.4 PURIFICATION AND CHARACTERIZATION OF S. POMBE UREASE 

4 . 1  Urease assay method and inh ibitors 
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T h e  urease assay method described by Wong and Shobe ( 1 974) was used to quantify 

u rease act ivi ty in the p resent study. Th is method is based on the very sens itive and 

tech n ical ly s imp le indophenol assay. The urea concentrat ion (50 mM) of the  substrate 

bu ffer  was above the saturation concentration for S. pombe u rease and the reaction rate 

was constant ove r the standard two-minute incubat ion period (Resu lts 3 . 1 ) .  Ureases 

are susceptible to inactivation by ox idation and heavy metals (Mobley and Haus inger ,  

1 989) ; therefore, 2-mercaptoethano l  and E DTA were inc luded in  extraction and 

substrate buffers. I nhibit ion of u rease by 2-mercaptoethanol has been demonstrated 

fo r t he  e nzymes from jack bean (Andrews et al. , 1 984) and Klebsiella aerogenes 

( Mo bley and Hausinger, 1 989 ;  Todd and Hausinger ,  1 989) .  I n  both cases spectral 

evidence showed that 2-mercaptoethanol bound to a n icke l  ion at the active site. S. 

pombe urease might also be expected to be competit ively i nh ibited by 2-

m ercaptoethanol  because a l l  u reases probably conta i n  n ickel ( Hausinger ,  1 987) ; 

however,  it was shown that S. pombe u rease was not i nh ib ited by 1 mM 2-

m e rcaptoethanol when the u rea substrate concen tratio n was 50 mM (Resu lts 3 . 1 .3) .  

T h e  effect of  a competitive inh ibitor o n  the activity o f  an  enzyme i s  represented by the 

fo l lowing equation :  

1 - = -- + V Vmax 
( 1 + UL ) ( _1 ) 

Ki [S] 
(Stryer ,  1 98 1 ) 

The Km for u rea of S. pombe u rease ( in the absence of 2 -mercaptoethanol) was 1 .03 

m M .  Therefore , at 50 mM u rea and a 1 mM 2-mercaptoethanol ,  the  equation can be 

r e w r i t t e n : 

I f  t h e  te rm ( 1  + 1 /Ki) ( 1 /50) i s  abou t  3/50 o r  less ,  1 1  V wi l l  be w i th in  6% of V m a x 

a nd ,  t herefore,  with in the range  of expe rimental erro r .  Th is is t rue if Ki � 0.5 m M  

2-mercaptoethanol . The Ki for 2-mercaptoethanol o f  j ack bean and K. aerogenes 

u rease is 0 .72 mM and 0.55 m M ,  respective ly .  The absence of i nh ibit ion of S. pombe 

u rease u nde r  the conditions tested impl ies that if 2 -mercaptoethanol  is a competit ive 

i n h ib i to r  o f  this u rease, as expected,  then the Ki is no less than that of  jack bean or 

K. aerogenes urease. 



4 .2  Cel lu lar local ization of urease 
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S. pombe u rease was a ssociated wi th the  non-part icu late solu b le fract ion o f  the cytoso l 

( Re s u l ts 3 .2 . 1 ) .  This i s  i n  agreement  w i th the  i ntracel l  u l a r  locat ion determ ined for 

u re ases  from bacteria and j ack bean (Mobley and Haus inger, 1 989) and Aspergillus 

spec ies (Creaser and Porter ,  1 98 5 ;  Zawada and Sutc l i ffe ,  1 98 1 ) . I t  is poss ib le t h at 

S. pombe u rease is  located i n  organel les ,  such as perox isomes ,  that were d isrupted 

dur i ng  t he  isolat ion procedure.  An extracel lu lar l ocat ion of u rease has been 

d e m o nstrated for Helicobacter pylori ( Bode et al. ,  1 989 ;  D u n n  et al. , 1 990) . 

4 .3 Urease isozymes 

On ly  one active form of S. pombe u rease was detected by nat ive polyacrylamide ge l  

e lect ro phores is (nat ive PAGE)  ( Resu lts 3 .2 .2) .  Simi lar  resu l ts  have been obse rved 

for A.  nidulans (Creaser and Porter ,  1 985) . The s ing le  u rease species observed for 

S. pombe i s  consistent with the  g enetic data. A m utation  i n  any of the four  ure genes 

a bo l i shes  u rease act ivity ( Ki nghorn and F lu r i ,  1 984 ) .  Th is  wou ld not  be expected i f  

two or more enzymes, encoded by d i fferent genes,  needed to be i nactivated before a l l  

u rease activity was destroyed.  I n te rest ing ly ,  bacte ria wi th one  active u rease often 

exh ib i t  two o r  more bands on nat ive PAGE gels .(Senior et  al. , 1 980;  Jones and Mob ley ,  

1 987 ) .  Usua l ly one major band o f  h igher  mobi l i ty and one o r  two m inor ,  more s lo wly  

m ig ra ti n g ,  bands were present .  The  mu lt ip le bands d id not  represent mu lt ip le u rease 

isozymes and were not the result o f  se l f-aggregation ( Mob ley and Hausinger,  1 989) . 

Various  t reatments wh ich would affect the charge on the enzyme,  the self-agg regat ion 

or agg regat ion with other ce l l u lar components,  the g lycosy lat ion o r  phosphory la t io n ,  

t h e  enzyme conformation o r  the n ickel cofactor did not a ffect t h e  banding pattern 

( Mob ley and Hausinger, 1 989) . The  reason for the mu l t ip le  banding pattern of  these 

bacter ia l  u reases is  unknown .  In  contrast ,  the mu lt ip le bands o bserved wi th  jack bean 

u rease  are aggregate forms ( B la tt l e r ,  1 967) .  

4.4 Effect of n ickel and manQanese on urease activ i ty 

Comp lex  med ia  may conta in  i nsuff ic ient  ava i lable n ickel fo r the synthesis o f  fu l l y  

act ive u rease . Booth and V ishn iac ( 1 987) observed that u rease activity of yeasts cou ld 

be i nc reased by including n ickel  i n  t he  g rowth medi um .  A s i mi la r  e ffect has been noted 

for v a ri o u s  bacteria (Schn e ider  and Kaltwasser ,  1 984 ; Mackerras and Smi th ,  1 986; 

Bast ,  1 988 ;  Rando et al. , 1 990) and algae ( Rees and Bekh eet ,  1 982) .  Kak imoto et al. 



1 6 4 

( 1 990)  demonstrated that n ickel and  manganese can act synerg ist ical ly to increase the 

u rease activ i ty of  Lactobacillus fermentum. Rando et al. ( 1 990) propose that n ickel 

chelat ing compounds may be p resent  in  complex m edia. Data f ro m  the present study 

show that the urease activity from S. pombe cultures grown in YE was not affecte d  by 

i nc lud ing  n ickel and manganese in the  medium,  suggest ing that the medium contained 

suff ic ien t  avai lable nickel for u rease synthesis.  Al though i t  i s  possible that S. pombe 

u rease does not contain nicke l ,  t h i s  is considered un l ikely ,  g iven the ubiqu ity of n icke l 

i n  u rease (D iscussion 2 .3) . 

4 . 5  Urease stabil ity 

C rude S. pombe urease, l ike many bacte rial u reases (Mobley and Hausinger,  1 989) , 

was v e ry stable in buffer contain ing E DTA and 2-mercaptoethano l .  The protease 

i n h ib i to r  pheny lmethy lsu l fony l  f l uor ide ( PMSF) d id not improve the yield or  stabi l i ty 

of u rease.  PM SF in hibits ser ine proteases and some th iol proteases and 

carboxypeptidases (Scopes , 1 987) . The stabil ity of S. pombe u rease without PMSF 

i ndicates these proteases may not be active in S.  pombe or  are no t  active against u rease.  

4 .6  Af f in ity ch romatography 

Th ree hydroxyu rea de rivat ized resi ns  were prepared and used for tr ia l  affi n ity 

ch romatography purifications of u rease from jack bean and S. pombe (Resu lts 3 .3 ) .  

The  adsorbents tested were (a )  an  ox irane-hydroxyu rea derivat ized resin (OHA) , (b) 

an  am inocapryl ic acid-hydroxyurea d e rivatized resin (AHA) and (c) an adsorbent 

prepared by two rounds of reaction wi th ethy lene diam ine and s uccin ic anhydride, 

fo l lowed by reaction with hydroxyu rea (EHA adsorben t) .  The deg ree of substi tut ion of 

AHA (with hydroxyurea) and EHA (with hydroxyurea o r  u nsucciny lated ethy lene 

d iam ine) was good. The substitut ion of  OHA with hydroxyurea was lower than AHA and 

E HA (Ma terials and Methods 4 . 6 . 4 ) .  

The  EHA adsorbent has been previously d.escribed (Shobe and B rosseau ,  1 974) .  EHA 

was tested for abi l ity to  pu rify j ack bean  urease ( Resu lts 3 .3 .3 ) .  The urease was 

e lu ted by increasing the ionic strength and acidity of  the buffer, as described by Shobe 

and B rosseau ,  or with a l inear urea g radient .  The pu rificat ion obtained with both 

e l uants was poor.  Better purification was obtained by conventiona l  ion exchange 

ch ro matog raphy using the anion-exchanger D EAE-Sepharose.  Most of the contaminant  

p ro te ins  that  co-e luted wi th u re ase f rom DEAE-Sepharose a lso co-e l uted wi th u rease 

from E HA .  The EHA resin may have been act ing as a an ion exchanger with properties 
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s im i la r  to DEAE.  This wou ld occur if positive ly charged residues were present o n  the 

res i n .  Ethy lene diamine residues t ha t  escaped succiny lat ion may carry a posit ive 

charg e  a t  neutral pH (pKa of -CH2- C H2- N H3+ is  about  1 0 .5) and may be respon sible 

for the apparent ion exchange effect. Shobe and Brosseau ( 1 974) did not observe non

specif ic b ind ing of proteins to their E H A  adsorben t  and ce l l -free e xtracts of Morganella 

( Pro teus) morganii and part ia l ly puri fied jack bean u rease were purif ied to 

homogene ity . The u rease b ind ing activity was shown to be specific for a hydroxy u rea 

l ig a nd ; a hydroxy lamine l igand bound very l i t t le u rease (Shobe and Brosseau ,  1 974) . 

Another  e xplanation for the low degree of purif ication achieved using the EHA adsorbent 

prepared in the present study could be the large amoun t  of  con taminant proteins  in the 

crude jack bean extract. For the pu rificat ions done by Shobe and B rosseau ,  

pu rif icat ion factors of on ly 22 - 30 fo ld  fo r jack bean  and 5 1  - 99  fold for M. 

morganii were requ i red to give pure u rease . A pu rif ication factor of 400 - 500 fold 

wou ld be requ i red to pu rify t he  crude jack bean urease (specif ic activity 6 - 7 U/mg) 

used in the present study to the specif ic act ivity of pure u rease (3000 U/mg,  Shobe 

and B rosseau , 1 974) . Perhaps the contam inant prote ins that  co-e lute with u rease 

from D EA E-Sepharose and from EHA were not present  in  the part ia l ly purified jack 

bean u rease used by Shobe and Brosseau .  

T h e  o x i rane-hydroxyu rea derivatized res in (O HA) did not b ind any u rease act iv i ty 

(Resu l ts  3 .3 . 1 ) .  The substitu t ion of th is  matr ix may have been low but binding o f  

some u re ase would be expected.  A s im i lar adsorbent w ith a u rea l igand, rather than 

hydroxyu rea has been successfu l ly used to  pu rify jack bean u rease (Mendes et al. , 

1 9 8 8 ) . 

The  am inocaprylic acid-hydroxyurea de rivat ized resin (AHA) d id not  bind u rease 

activ i ty .  Shobe and B rosseau ( 1 974) have suggested that a m in imum of 8 - 1 3  atoms 

in the s ide chain between the hydroxyurea ligand and the agarose backbone may be 

requ i red fo r binding of jack bean urease. The n u mber o f  atoms in  the side chain of AHA 

was n ine .  AHA may not have bound urease due to ste ric h indrance caused by 

insufficien t  d istance between the agarose backbone and the h ydroxyurea l igand. 

However, S. pombe urease is m uch smal ler than jack bean u rease, about 2 1 2 

k i loda lton s  ( Resu lts 3 .5 . 1 ) vers us 590 k i lodaltons  (And rews et  al. , 1 984) and , 

there fo re, may be subject to less ste ric h i ndrance than jack bean u rease. 

I nte resti ng ly ,  a hydroxyurea subst i t uted resin with an 8 -atom side chain bound u rease 

from Aspergillus nidulans (240 k i lodaltons ;  C reaser and Porter ,  1 985) and 

Ureaplasma urealyticum ( 1 50 k i lodaltons ;  Saada and K ahane ,  1 988 ) .  
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Aff in i ty ch romatog raphy has been used to purify u reases f ro m  a n umber of sources, 

with various degrees o f  success. A hydroxyu rea-substitu ted Aff inose AF 202 adsorbent  

( 1 3 a tom side cha in )  was successfu l l y  used to  pu rify to  homogene ity urease from cel l 

free extracts of M. morganii and part ia l ly puri fied jack bean u rease (Wong and S hobe ,  

1 974) . The sam e  aff in ity resin  was also useful when used as one o f  several steps to 

pur i fy u rease fro m  Brevibacterium a mmoniagenes ( Nakano et al. ,  1 984) ,  

Lactobacillus reuteri (Kakimoto e t  al. , ( 1 989) and Lactobacillus fermentum 

( K ak imoto et al. , 1 990) , but was not useful in  purifyi ng u rease from bovine  rumen 

( M a h adevan et  al. ,  1 977) or  from Bacillus pasteurii (Chr is t ians and Ka l twasser ,  

1 986 ) .  A hydroxyurea substituted C H-Sepharose adsorbent  was successfu l ly used as 

o n e  of several steps to pu rify u rease from A. nidulans (Creaser and Porter, 1 985) and 

U. urealyticum (Saada and Kahane ,  1 988 ;  Mobley and Hausinger ,  1 989) . In a l l  of the 

a bove examples, including the unsuccessful pu rifications ,  t he  degree of pu rificat ion 

requ i red to g ive homogeneous u rease was much less (between 25 and 1 ,OOO-fo ld) than 

tha t  requ i red to g ive homogeneous S. pombe urease from the ce l l - free extract (nearly 

4 , O O O - f o l d ) .  

4 .7  Purif ication of urease by precipitation and ion exchange ch romatography 

Acetone and ammonium su lfate p recipitat ion are methods com mo nly used to part ial ly 

pur i fy p rote ins  (Scopes, 1 987) and have been used to pu rify ureases from a number  

of sources,  eg o Bacillus pasteurii ( Larson and Kal l io ,  1 954 ) .  Acetone and a m mon ium 

su lfate p recipitat ion of  S .  pombe u rease i ncreased the  pu rity of  the enzyme nearly 

1 50-fo ld .  U reases are an ion ic (negat ively charged) at neutral pH (Mobley and 

Haus inger ,  1 989) . An an ion exchange chro matog raphy s tep is i nc luded in  the 

pu rification of m any ureases. The very good purification of  S .  pombe u rease observed 

with the  D EAE-Sepharose ion exchange procedure (Resul ts 3 .4 .4 . 1 ) has a lso been 

observed fo r the purification of u re ases from other sou rces, eg o recombinant  u rease 

from Klebsiella aerogenes ( Lee et al. , 1 990) . The degree of pu rification  requ i red to 

g ive pu re S. pombe urease in the present study was very h igh (3 ,939 fo ld) ;  the refo re ,  

u rease appears to be a poorly represented enzyme in S. pombe. Other organ isms 

appear to have much h igher concen trat ions of u rease, a l though t h is may reflect the 

tendency to study organisms with high u rease act ivity . 

4 . 8  Urease structural properties 

The nat ive m olecular weight of S. pombe urease was determ ined by ge l  fi l t rat ion of 

part ia l ly pu rif ied u rease extracts (Resu l ts 3 . 5 . 1 ) .  Aggregat ion of u rease with 
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con taminants in impure preparat ions can cause inaccu rate ly h igh  est imat ions of n at ive 

M r; however ,  the inclusion of 0 . 1  M N aCI  i n  the gel f i l t rat ion buffer should h ave 

m in im i zed  aggregation (Jones and Mobley,  1 988) in  t h e  e st imat ions performed in the  

presen t  s tudy .  The est imated native Mr of  S. pombe u rease (2 1 2 ,000) was s im i la r  to  

t h at o f  most  bacter ia l  u reases (200 ,000 to  250,000 ;  Mob ley  and Haus inger ,  1 989)  

and  A spergillus nidulans (240 ,000 ; C reaser and Porte r ,  1 985) . A s ing le subun i t  of  

Mr 1 02 ,000 was identif ied for  S. pombe (Resu lts 3 .5 . 2 ) .  The subun it s ize i s  s im i la r  

to that  of  jack bean urease (90 ,770 by sequencing , Tak ish ima  et  al. , 1 988 ) ; however ,  

the  subun i t  composit ion is diffe rent .  J ack bean u rease is a hexam e r  w i th  Mr 590 ,000 

(Andrews et al. , 1 984) , whereas , the  n at ive molecu lar we ight  of S. pombe u rease 

ind icates i t  i s  a dimer of the Mr 1 02 ,000 subuni t .  A.  nidulans u rease is a hexamer of 

a s i ng le s u bun it of Mr 40 ,000 (Creaser and Porter, 1 985) . Usti/ago violacea u rease 

has a s ing le  subun it wi th Mr 80,000,  but  the native mo lecu la r  weig h t  is unknown 

(Ba i rd and G arber,  1 98 1 ) .  Most bacter ia l  u reases exam ined have th ree subuni ts :  an  a 

subun i t  of M r 67,000 to 73 ,000 , a � subun it of M r 8 ,000 to 1 7 ,000,  and a 'Y subun i t  

o f  M r 6 ,000 to 1 1 ,000 (Mobley a nd Haus inger ,  1 989 ;  Jones and Mobley, 1 989 ;  

Kakimoto et al. , 1 989 ;  Kaki moto et  al. , 1 990 ;  Hu  et al. , 1 990) . The subuni t  

sto ich iometry is  probably best  represented by (a 1 �2Y2}2 (Mobley and Haus inger ,  

1 989 ) . Helicobacter pylori (Dunn  et  al. , 1 990 ; Hawtin e t  al. , 1 990 ;  Labigne et al. , 

1 99 1 ) and  Helicobacter mustelae (Costas et al. , 1 99 1 ) require o n ly two subuni ts ,  of  

Mr 6 1 ,000 to 65 ,000 and Mr 26 ,000 to 29 ,000 with a 1 : 1 s to ich iometry ,  for  active 

·u rease.  The re have been reports of bacte rial u reases with a s ing le  subun it ;  however ,  

th is  observat ion may be the result of  sma l l  subun its having been overlooked on SDS 

PAGE ge ls  (Mobley and Hausinger ,  1 989) . An example o f  th is i s  the  u rease from 

Ureaplasma urealyticum, which has recent ly been shown to have not one but three 

subun its (Th i rke l l  et al. , 1 989) . S. pombe u rease was carefu l ly examined by SDS 

PAGE using h igh percent acrylamide ge ls .  N o  smal l  subunits were observed.  

The  s ing le subu n it  of  A.  nidulans is less than half the s ize of  other  eukaryotic urease 

subun its  and the combined size of the mu lt ip le bacte rial subun its . The refore , i t 

probably has less sequence complex ity than other ureases .  However ,  the active enzyme 

has Mr 240,000, which is s imi lar i n  s ize to u reases from S. pombe, most bacter ia ,  

and the act ive,  t rimeric form of jack bean u rease (Andrews et al. ,  1 984) .  Perhaps, to 

a degree,  an  ove ral l  confo rmation and size ,  rather than a com plex sequence, is required 

for urease act iv i ty .  Th is requi rement may be fu lf i l led by a s mal l e r  n umber of la rge  

subun its o r  a larger  number of sma l l  subun i ts .  
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pH stabi l i ty studies of S. pombe u rease ( Resul ts 3 .5 .3 ,  3 .5 .4)  were done us ing a range 

of buffers at various pH .  The CAPS and C H ES buffers reduced the color development  of 

the ammonia assay . The same buffers and ammonia assay have been used by othe rs (eg . 

Todd and Hausinger, 1 987,  Breitenbach and Hausinger ,  1 988) for p H  studies of 

urease .  N o  comment on the inhibit ion of the ammonia assay is  made by these authors .  

I n  the present study , the use of sets o f  buffers with overlapping p H  ranges enabled the  

data  to  be m eaningfu l ly  i nterpreted.  S .  pombe u rease was irrevers ib ly inactivated 

above about pH 9.5 and may have been i nactivated below about  pH 4 .5 (Resu lts 3 . 5 .3) . 

I n act ivat ion be low about p H  4 - 5 has been observed fo r urease from Arthrobacter 

oxydans (Schneider and Kaltwasser, 1 984 ) ,  Klebsiella aerogenes (Todd and Hausinger ,  

1 987 ) ,  j ack bean (Andrews et al. , 1 984) and Bacillus pasteur;; ( Larson and Ka l l i o ,  

1 954 ) .  For jack bean and A.  oxydans loss o f  activity was corre lated with loss o f  n ickel 

at low p H .  I nactivation above about pH 1 0  has been observed fo r K. aerogenes (Todd and 

Haus inger ,  1 987) .  Brevibacterium ammoniagenes (Nakano et al. ,  1 984) and Proteus 

mirabilis (B reitenbach and Hausinger ,  1 988) . The opt imum pH fo r S. pombe u rease 

act iv i ty was between pH 7.5 and p H  8.5 ( Resu lts 3 .5 .4) . Bacte r ia l  neu t ra l  u reases 

have pH opt ima between about  pH 7 .0 and pH 8 .0 (Mobley and Hausinger ,  1 989) . The  

p H  optim u m  fo r  Aspergillus tamarii (Zawada and Sutcl i ffe , 1 98 1 ) .  Usti/ago vio/acea 

(Ba i rd and Garber, 1 98 1 )  and jack bean (Andrews et a/. , 1 984) u rease,  in phosphate 

buffer, is pH 8.2 - 8 .65 ,  pH 7.0, and pH 7.0 - 7.5, respect ively.  The pH opt imum for 

Aspergillus nidulans is g iven as pH 8.5 i n  the abstract of C reaser and Porter ( 1 985 ) ;  

however, n o  reference is made to the p H  opt imum i n  the text ,  tab les o r  fig u res o f  the 

article .  U reases have been shown to have d ifferent  pH opt ima, depending on the buffer 

system i n  wh ich the act ivity is measured ( Reit he l ,  1 971 ; N akano et  al. ,  1 984) . Fu l ly 

protonated phosphoric acid is a com petit ive i nh ibitor of u rease, therefore , phosphate 

buffe rs at low pH can cause urease inh ibi t ion (Mobley and Hausing er, 1 989 ) .  To avoid  

i nh ibi t ion , acetate ,  rather than phosphate ,  buffer was used for the  low p H  range i n  the 

present  study.  

The  Km ( for  u rea)  va lues of pu rif ied u rease from m icrobia l  sources a re s im i lar to the 

va lues observed for  crude cel l  extracts (Mobley and Hausinger ,  1 989) . The Km of 

crude S.  pombe u rease was 1 . 03 mM u rea (Resu lts 3 .5 .5 ) .  Th is  is c lose to the value  

observed for  A.  nidulans urease ( 1 .33 mM;  Creaser and Porter ,  1 985) . Jack bean 

(Andrews et  al. ,  1 984) and Usti/ago violacea (Ba i rd and Garbe r,  1 98 1 )  u rease have a 

Km for urea of 2 . 9  mM and 2 .8 mM,  respect ive ly .  The Km of bacter ia l  u reases range 

from 0 . 1  mM to > 1 00 mM (Mobley and Haus inger ,  1 989) . The effect of pH o n  the Km 
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has been  e xamin ed for a n um ber o f  bacter ia l  u re ases (Mobley and H au singer, 1 989) .  

The Km varies w i th  the buffe r and p H  condit ions for  some b acteria o n ly ,  others are not  

affected .  The  effect of  pH on the Km of S. pombe u rease was not tested. 

U rease i s  p robably on ly  present i n  sma l l  amounts in  A .  nidulans (Creaser and Porter ,  

1 985) and i n  S. pombe (D iscussion  4 .7 ) .  The most importan t  function of  u rease i n  

both o f  t h e s e  organ isms may be in  pu r ine degradation (K ing horn a n d  F l u ri ,  1 984 ;  

Scazzoch io and Dar l ington ,  1 968) .  A u rea r ich environment  h as no t  been  reported for 

these o rgan isms.  S. pombe growth was inh ibi ted by u rea concentrations  m uch above 

1 7  m M  (0 . 1 % ;  Resu l ts 1 .3 . 2) .  Arg in i ne  degradation is  another  potent ia l  source of 

u rea .  S. pombe can g row on arg in ine ( LaRue  and Spencer, 1 967) . T he majority of 

u re a  degraded by Neurospora crassa comes fro m  pur ine ,  rather than arg in ine ,  

breakdown (Davis , 1 970) . The  re lat ive ly  h i gh  affi n i ty for u rea and low concentration 

of  S. pombe urease m ay reflect the l ow intracel l u lar  u rea concentrations expected from 

pur ine deg radation .  

4 . 1 0 Urease sequence analysis 

Extensive s im i la rity ex ists between jack bean u rease and many bacteria l  u reases eg o  

a l l  t h ree u re ase polypeptides from Proteus mirabilis (Jones and Mobley ,  1 989) , two 

of t he  three po lypeptides from Morganella (Proteus) morganii (Hu  et al. , 1 990) ,  and 

the two s u bu n its of  Helicobacter pylori ( Labig n e  et al. ,  1 99 1 ) .  For  P. mirabilis, the 

s im i l arity was distributed a long the ent i re length of  the jack bean a mino acid sequence,  

with 58% e xact matches and 73% exact p lus  conservative replacements. The  degree of 

s im i la rity appears to be s im i lar for the other bacterial u reases .  The 1 8  amino acid N

te rm inal sequence determ ined for S. pombe u rease ( Resul ts 3 .5 .6) had 55 .6% identity 

a nd 83 .3% s im i la rity (exact p lus con servative replacements as determined by the  

T FASTA p rogram,  Deverau x  et al. , 1 984)  w i th  the  jack bean N- te rm ina l  sequence 

( Figure 38) . The seven am ino acids of S. pombe u rease peptide T21 had 42.9% 

ident i ty and 1 00% s im i lar ity wi th the  u rease from Klebsiella aerogenes ( F ig u re 38) .  

S. pombe u rease peptide T 40  (25 amino acids) h ad on ly very poor  identity wi th other 

seq uenced u reases ( Figure 38) .  Whi le ,  overa l l ,  e xtensive homology between u reases 

ex ists (above) ,  part of  the H. pylori u rease was s hown to conta in l i t t l e s im i l a ri ty to 

other u reases and the 1 5  k i lodalton subun i t  of the M. morganii urease has no 

s im i lar ity to any other u rease (Hu et  al. , 1 990) .  The N -terminal  sequ e nce has been 

shown to be conserved in bacteria (as above) ,  p lan ts (jack bean) and yeasts ( th is  

study) .  The T 40 peptide may represent urease seque nce un ique to  S.  pombe, as has 

been shown for some bacter ia .  



Fig u re 3 8  

Comparison of S. pombe urease a m i n o  acid sequence w ith other u reases. 

1 0  
S. pombe N-terminal sequence 

MQPRELHKLTLHQLGSLA 

Jack bean 

Peptide T2 l 

: '" I I :  : I I  : I I :  I I I 
LFNFCFLGLGLXTLKMKLS PREVEKLGLHNAGYLAQKRLARGVRLNYTEAVAL IASQ lME 

1 0  2 0  3 0  4 0  5 0  6 0  

F I ETNEK 

" I : : : : 
P P LSTK I RSRLPNFSLSASTAARF I EASS R IAVCGQP PVSTPTMRSGASAPAS Klebsiella aerogenes 2 3 0  2 4 0  2 5 0  2 6 0  2 7 0  

Peptide T40 1 0  2 0  
LYAPEN - S PGFVEVLEG E I ELL PNL P 

: : 1 : : , , : :  " , , : 
NSXNQFXFYKE IMI ICQDQSNQFTPGKLVPGAINFAEGEIVMNEGREAKVI S  Ureaplasma urealyticum 1 6 0  1 7 0  1 8 0  1 9 0  2 0 0  

S. pombe urease sequences (Resu l ts 3 .5 .6) we re compared to a l l  u rease sequences i n  

the G e nBank and EMBL  nucleotide databases and the SwissProt peptide database .  The 

TFASTA prog ram was used ( Deveraux et al. ,  1 984) and the best a l ig nment for each of 

the S. pombe sequences is shown. 

' I ' (vert ical  l ine)  d enotes identit ies and ' :' (colon)  denotes conservative 

rep lacements.  

1 7 0 
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For  the  bacteria with t h ree subun its ,  the  largest subun it (0.)  i s  s imi lar  to t he  

C- term ina l  region of jack bean  u rease , the s mal lest subun i t  (y) i s  s imi lar  to  the  

N- termina l  reg ion ,  and the � subu n it of P. mirabilis, but  not  M. morganii, i s  s im i la r  

to i nternal  sections  o f  jack bean u rease. The  bacterial 0. ,  � and y polypept ides are 

t ranscribed as a s ing le polycistron ic m RNA (Mu lrooney et al. ,  1 988 ;  Jones and 

Mobley ,  1 988 ; Mobley a nd Haus inger ,  1 989 ) .  The o rder of the  subu n it t ranscr ipt ion 

corresponds to the order of the corresponding sequences in  jack bean u re ase and m ay 

i ndicate a n  evolut ionary re lat ionsh ip ex ists between bacteria l  and jack bean u rease 

g e nes .  I t  has been proposed that a two subun i t  u rease was the evo lut ionary precu rsor 

of the th ree subun it urease. Jones and Mobley ( 1 989) ident ified sequences at the 

j unct ion of the P. mirabilis ureA (y subun it )  and ureB (�) genes wh ich were very 

s im i lar to a eukaryotic intron spl ice acceptor consensus sequence . Th is may represent 

the remnants of an ancestral organization that a l lowed these two domains to be spl iced, 

resu l t ing in a fused U reA-U reB subuni t (Jones and Mobley ,  1 989 ) .  For the bacter ia 

wi th two subun its ( Helicobacter) the smal lest subun i t  corresponds to both the � and y 
subun its of P. mirabilis. The Helicobacter type u rease may be the precu rsor of 

t h ree-subun it bacteria l  ureases (Dunn  et al. , 1 990 ;  Hu and Mobley, 1 990) .  

A l ternat ive ly ,  Labig ne  et al. ( 1 99 1 )  suggest that Helicobacter u rease i s  more s im i lar 

to j ack bea n  u rease than are the th ree-subun it bacterial ureases and,  therefore ,  the 

ancestral urease probably had a three-subun it configu ration .  A s ing le  n ucleot ide 

mutation in the stop codon between the two Helicobacter urease genes could produce a 

s ing le-subun it u rease (Labig ne et al. , 1 99 1 ) .  The  s ing le subuni t  demonstrated fo r S .  

pombe u rease (the present  study) supports previous f ind ings that eukaryotic u reases 

have a s ingle subun it .  

Sum mary 

The p H  optimum ,  Km , native molecular weig ht ,  and number of subuni t  types is  

s im i lar  between S .  pombe and other eukaryotic u reases (fungi and jack bean ) .  

Bacte ria l  u re ases vary widely in  their  k inet ic properties and have more than one  

subun it type. The N-terminal  sequence o f  S. pombe urease i s  s imi lar to  oth� r u reases. 

5 AMPLIFICATION OF S. POMBE DNA USING PRIMERS TO THE UREASE AMINO ACID 

SEQUENCE 

A s ing le major product was obtained by peR ampl i fication of S. pombe genomic DNA 

us ing  primers to the u rease am ino  acid sequence. The product ( M L  1 2) was  c loned and 

sequenced. The n ucleotide sequence did not correspond in any way to the amino acid 



sequence determined for the u rease enzyme ( Resu lts 5 .3 ) .  The sequence did show that 

M L  1 2  was the resu l t  of the extension of  the two pr imers .  

Ampl if ication artifacts have been described i n  wh ich PCR products have contained 

extensive a rrays of the pr imer sequences in various  arrangements (Cooper and 

Bapt ist ,  1 99 1 ) .  The only primer  sequences seen i n  ML 1 2  were at e i ther end of t he  

frag ment ,  as  expected. Therefo re ,  primer  art i facts were no t  respons ib le  fo r  t he  

observed product. 
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Hybridization to S. pombe genomic DNA showed that the ML 1 2  sequence was present i n  

the S .  pombe genome. The lack of  the expected N -terminal coding sequence could be 

explai ned by the presence of  an intron  spl ice s i te wi th in each of the pri mer target  

sequences. The sequence after the primers would correspond to an intron and wou ld not 

code for the expected amino acids. The sequence of one end of ML 1 2  contains many stop 

codons in  all three reading frames, therefore , i t is a non -coding region and cou ld be 

in t ron sequence. The  other end of ML 1 2  contained an open reading frame  (orf1 ) for 

the ent i re sequenced reg ion (386 nucleotides) , therefo re , it may be a coding seque nce 

and not part of an  intron .  None of the consensus sequences fo r S. pombe i n trons 

( R usse l l ,  1 989) was ident ified near the  ends of  ML 1 2 . A more l ikely exp lanation is  

that  the primers annealed to an unknown sequence in the S. pombe genom e  that  is not  

part of a u rease gene .  No sig n ificant s im i larity was fo und between the p redicted am ino 

acid sequence of orf1 o r  any of the nucleotide sequence of ML 1 2  and any other sequence 

in the GenBank and EMBL databases. 

It is possible that the primer  target sequences on the u rease gene were too far apart to 

a l low effic ient ampl ificat ion of the intervening sequence . The observed p roduct 

( M L  1 2) may have been amplif ied only because the an neal ing temperatu re was low 

enough to al low the primers to anneal to an un re lated sequence of low homo logy. The  

molecu lar weight o f  the u rease subu n it was  Mr 1 02,000 (Resu lts 3 .5 .2 ) .  The ave rage 

molecu lar weight of  the more common amino acids in  a polypeptide chain is about 

1 08 .7 da ltons (Sambrook et al. , 1 ?89) .  The refore, the u rease subu n it p robably 

contains about 940 amino acids . A DNA sequence of 2.8 kb is requi red to encode 940 

am ino acids and a longer sequence would be requ i red if introns were present ;  however, 

i ntrons in S. pombe are g eneral ly only 36 to 1 29 nucleotides long and u sua l ly  on ly 0 to 

5 in t rons are present (Russe l l ,  1 989) . A large product of ove r 3 kb was often weakly 

ampl ified in  PC R reactions  when primer  ML2 was used alone (negative control b ,  

Resu lts 4 .2 ) .  Therefore, 3 kb was not  outs ide the  l im it of  ampl ificat ion u nder  the  
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condit ions tested . An excessive d istance between the pr imer target sequences probably 

does not account for the lack of a mpl ificat ion of the u rease gene sequence. 

PCR ampl if ication can sti l l  occur  when t here is a very l im ited homology to the target 

sequence.  Sommer and Tautz ( 1 989) have observed ampl ificat ion when one of  the 

1 7  n u cleot ide pr imers had as many as eight mismatched posi t ions with the ta rget  

sequence. W ilks et al. ( 1 989) have shown efficient  pr iming can occur at 

temperatu res  wel l  above the calcu lated mel t ing temperature ( T  m) of the p ri me r .  

Effic ient  ampl if ication can be obta ined wi th primers wh ich a re up t o  262 , 1 44-fold 

degenerate and that i ncorporate a l l  possib le codon choices (Wi lks et al. ,  1 989 ) ,  or 

wi th m oderately degenerate primers , in  wh ich on ly one o r  two of the most frequently 

used codons for each amino acid are represented (Cooper et al. , 1 991 ) .  Despite these 

precedents ,  the PCR primers used i n  the present study d id not ampl ify the correct 

target  sequences. The m ost impo rtant reg ion of the pr imer,  where absolute homo logy 

with the target sequence is  probably essentia l ,  i s  the 3'  end of the primer. Sommer 

and Tautz ( 1 989) suggest that  the th ree 3' nucleotides shou ld  match exactly w ith the 

target  sequence before effic ient pr im ing wi l l  occur ,  a l though sometimes a m i smatch at 

the  th i rd nucleotide from the 3' end can be tole rated . For the pr imers M L  1 and M L2 ,  

on ly  the last two nucleotides a t  the 3 '  end  were non- redundant posit ions, and  for t he  

th i rd posit ion from the  3'  end  no t  a l l  possible n ucleot ides were used in  t he  pr imer  

pool .  I t  is possible that the wrong codon cho ices for the pr imer  sequences prevented 

eff ic ient anneal ing of the 3 '  end of the pr imers to the urease gene .  The sequence that 

was ampl ified (ML 1 2) may have had better homology with the  3' end of the pr imers ,  

perhaps mismatches occu rred a t  less  important s i tes.  Sequence data showed t hat a 

d i fferen t  primer  species from the M L1 and M L2 pr imer pool s  was used for t he  

ampl if ication o f  each o f  the two PCR products that were cloned and sequenced (pML 1 2 .4 

and p M L1 2 .7) . Fo r the ML 1 primer  reg ion ,  three nuc leot ides were different between 

the two sequenced PCR products ,  with one di fference at the th i rd codon from the 3' end. 

For primer M L2 ,  one difference, at the th i rd nucleot ide from the 3' end, was o bserved. 

The refore ,  a m ismatch at the th ird nucleotide from the 3' end of  the primers was not 

su ff ic ient  to prevent  ampl if icat ion ; however,  further  de leter io u s  mismatches may 

have prevented the ampli fication of the  u rease-subuni t  gene .  The long annea l i ng  t ime 

(2  m in utes) required for ampl ificat ion may ind icate that the m atch between the 

pr imers and the template sequence was poor. Usual ly on ly a few seconds are requ i red 

fo r anneal ing of pr imers ( I nnes and Ge lfand, 1 99 1 ) .  The M L  1 and M L2 prim e rs were 

1 2- fo ld  and 32-fold degenerate , respective ly .  The  resu l t ing lower concentrat ion of 

each g iven primer sequence may account for the long annea l i ng  time requ ired . An 

a l ternative exp lanation is that one or both of the primers had very poor homology with 



t he  t emplate sequence,  therefo re, pr imer/template complexes occu rred i nfrequ ent ly 

and were h igh ly unstable. U nder  these conditions a low annea l ing temperatu re and a 

long annea l ing time would improve the probabi l ity o f  the  polymerase extending the 

p r i m e r/ template s ubs trate . 
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The h ybrid ization data (Resu l ts  5 .3)  indicate that M L  1 had poor homology with the 

urease-subun it gene ,  o r  any other S .  pombe sequence. Both pr imers hybridized 

s t rong l y  to the ampl i f ied p roduct ( M L  1 2) ,  but ML 1 did not hybr idize s ign i ficant ly  to 

any S. pombe genomic DNA. M L2 hybridized qui te strong ly to an un identif ied sequence 

that did not  correspond to the amplif ied sequence, perhaps the un identified sequence 

was the u rease gene. The a mount  of genomic DNA used i n  the  hybridizatio n exper iments 

was 30 Ilg . The amount of DNA in one haploid cel l  is 1 .5 x 1 0- 1 4 g ( Bostock, 1 970) . 

Therefo re ,  30 Ilg of S. pombe genomic DNA corresponds to about 2 x 1 09 copies of  a 

s ing le-copy target sequence. The amount of ML 1 2  u sed in  the hybridizations was 

1 0  ng , wh ich corresponds to about 1 x 1 0 1 0  copies o f  target sequence. Hybridizat ion 

of the pr imers to a homologous sing le-copy sequence shou ld have been about  one-fifth 

as intense as hybridization to the ML 1 2  sequence and, therefore, shou ld have been 

easi ly vis ib le .  The T m range fo r the ML 1 and ML2 pr imer poo ls  were 56 to 62  DC and 

56 to 66 D C ,  respectively (calcu lated using the method o f  I taku ra et a/. , 1 984 as 

described i n  Sambrook et a/. , 1 989) . Hybridization of  M L1 and M L2 was carried out  

at 4 1 .5 DC .  As a general g uide ,  m ismatched nucleotides reduce the T m by about 1 to 

1 .5 D C for each 1% of m ismatch (Sambrook et a/. , 1 989) . For a 20 nucleot ide 

sequence th is corresponds to 5 to 7 .5 DC for each mismatch .  The refore , with the 

condit ions used, up to three o r  four mismatches could have been to lerated. ML 1 m ust 

have very poor homology with any sequence in  S. pombe fo r no sign ificant degree of 

hybridization to have occurred .  The N - term inal  amino acid sequence was determ ined 

fo r two separate preparation s  of pu rif ied S. pombe u rease ( Resu lts 3 .5 .6)  and fo r the 

pu rif ied N -termina l  t ryptic peptide T43 . The sequence had s ign i ficant ident ity wi th 

t he  N -te rm inal sequence of jack bean u rease. Therefore , i t  i s  a lmost certa in  that the 

amino acid sequence back-trans lated to make ML 1 corresponded to S.  pombe u rease . 

The most l ikely explanation for the poor  hybridization of the  M L  1 pr imer to S. pombe 

genomic DNA is that the incorrect codon choices were made for a n umber of the amino 

acids .  Some of the codons con sidered to be less frequen tly u sed in S. pombe may be 

those used in the urease-subu nit gene .  S. pombe urease activity is const i tutive ,  be ing 

ne i ther i nduced nor repressed (D iscussion 2 . 1 ) . The u rease enzyme  is present at  low 

concentrat ion in  S. pombe ce l l s  ( Discussion 3 .7) ,  and appears to be very stable in 

crude ce l l -free extracts , even wi thout  protease inh ib itors ( D iscuss ion 3 .5 ) . 
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The refore , the  urease-subunit gene  m ay be qu ite poorly transcribed. Degenerate 

codon s  in  S. pombe are not used at an equal frequency.  Furthermore, codons that a re 

com mo n ly found in  genes with a low level of expression a re often the ones rarely u sed 

in h igh ly  expressed genes (Russe l l ,  1 989 ;  Sharp et al. , 1 988 ) .  The  most frequ ently  

used codon s  for both h igh and low expressed genes were included in  the pr imer 

sequences fo r most redundant positions ;  however, a few of the codons that  are used 

qu ite frequent ly in poorly expressed genes were not included because they would h ave 

caused ambiguity i n  the sequence and increased the degeneracy . The arg in ine codo n  

AGA, t h e  leucine codon CTT (also frequently u sed in h igh ly  expressed genes) were 

avo ided in  M L  1 and could have resu lted in  four  mismatched n ucleotide posit ions, 

assu m i ng a l l  other codon choices were correct. For primer  M L2 ,  no leucine o r  

arg in ine codons were present ,  b u t  t h e  pro l ine codon CCA (used twice) ,  t h e  serine codon 

TCA, and the g lycine  codon GGA, as well as othe r  less frequent ly used codons, were not 

inc luded . It is possible that if the a lternative codons were used, better hybridizat ion ,  

and perhaps the correct PCR product ,  wou ld have been obtained . 

6. TRANSFORMATION OF S. POMBE 

6 . 1  I mprovement of the l ithium ch lo ride procedure for transfo rmation of S. pombe 

A m ethod wh ich uses l i th ium chloride to prepare competent S. pombe ce l ls has been 

described by B roke r ( 1 987) . ' This m ethod did not g ive effic ient t ransformation  of the  

S .  pombe strains u sed in the present study (Resu lts 6 .2) ; however ,  a d ramatic 

increase (> 1 00 fo ld) in the t ransfo rmation frequency was observed when heat 

denatu red carr ier DNA was inc luded in transformations ( Resu l ts  6 . 2 ) .  Sch iestl and 

G ietz ( 1 989) have investigated the effect denatured carrier DNA has on the frequency 

of transformation of S. cerevisiae when l i th ium acetate is u sed to y ie ld competent ce l ls .  

I n  the present  study (S. pombe transformation) and in the study of Schiest l  and Gietz 

( S. cerevisiae t ransformation) the S. cerevisiae U RA3 and LEU2 genes were the vector 

marker g enes used for selection of t ransfo rmants. Also , 2-llm based p lasm ids were 

inc luded in the pl?sm ids tested in both studies. The obse rvations of the present study 

ag ree closely with those of Schiest l and Gietz .  Boi led, son icated carrier DNA 

d ramatical ly i ncreases the  transformation frequency of  S .  cerevisiae. The carrier DNA 

needs to  be over  2 kb long to  increase the transfo rmation efficiency and the optimu m  

size may b e  about 7 kb. S imi lar ly, for S .  pombe the transfo rmat ion frequency was 

increased by son icated, denatu red carrier DNA (2 - 1 5  kb) but not by very smal l  

fragments of DNA.  Carr ier DNA does not  improve the efficiency of transformation of 

S. cerevisiae spheroplasts and Sch iestl and Gietz suggest that th is may reflect an 
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i nherent d ifference in  the mechanisms of DNA uptake between the l it hi u m  acetate and 

sphe roplast transformation methods .  S im i lar ly ,  carr ier DNA m ay not improve the 

t ransformat ion effic iency of S.  pombe protoplasts (Per S u n ne rh ag e n ,  pe rsona l  

commun icat ion ) .  M inor i mprovements i n  the frequency of  S.  pombe t ra ns fo rmat ion 

were obta ined by us ing the fol lowing mod ifications :  (a)  YES medi u m ,  rathe r  than YPD ,  

fo r  g rowth of  cel ls befo re transformat io n ,  and (b )  g rowing the  cu l t u re for a shorter 

t ime befo re t ransformation .  Lit t le effect was noted when the heat shock d u rat ion o r  the 

length of l i t h i um ch loride treatment  were altered (Resu lts 6 .2) . Sch iest l  and Gietz 

( 1 989)  observed comparat ively l i t t le e ffect on the transformation effic iency of 

S. cerevisiae when the du ration of the h eat shock was altered , but  the  use of younger 

less dense cu ltures d id improve t ransformatio n .  The simi lar i t ie s  between S. pombe 

and S. cerevisiae t ransfo rmation described above may i ndicate that the m echanism of 

DNA uptake is conserved between these two d istantly related ( Ru ssel l  and N u rse, 

1 986) organ isms and between the l i th i um acetate and l i th i um ch loride m ethods of 

competent ce l l  preparat ion . 

The  t ransfo rmation of S. pombe was sign ificant ly improved (4 to 23-fo ld )  by 

resu spending the t ransfo rmed cel ls i n  0 .9% NaCI  before plat ing onto selective media 

( Resu l ts 6 .2 ) .  Treatment of ce l ls with l i th i u m  ions may cause pores to form in the 

cel l  wal l  (B rzobohaty and Kovac, 1 986 ;  Hong , 1 987) . Disrupt ion of  the cel l  wal l  may 

m ake the ce l l s  osmot ical ly frag i l e .  So rbitol ( 1 . 2  M) is u sed to stabi l ize osmotical ly 

frag i le pro toplasts (Beach and N u rse , 1 98 1 ) .  TE conta in ing so rbitol gave o n l y  

s l ight ly better transformat ion than water  o r  T E  wi thout sorbitol ( Resu l ts 5 . 2 ) .  

Therefo re ,  t h e  improvement in  transformation caused b y  resuspending ce l ls  i n  NaC I  

may not have been due to  osmotic stabi l iz ing of the ce l ls .  

6 . 2  Strain dependence of transfo rmation 

The abi l ity to t ransform S. pombe u sing the  l i th i u m  chloride procedu re ,  and  the 

frequency of  t ransformation ,  were h ig h ly stra in  dependent  ( Resu lts 6 .2 ) .  No such 

strain dependency has been observed fo r the transformation of S. cerevisiae us ing the 

l i t h i um acetate procedure (Schiest l  and Gietz ,  1 989) .  Non-transfo rmable stra i ns  

were common amongst t he  S .  pombe stra ins used i n  the present study, eg o  two ou t  o f  

five spore c lones from the same cross cou ld not be transformed with t he  tes t  p lasm id 

(pFL20 ) .  F u rthermore , stra ins  not transformable with pFL20 a lso appeared to 

reve rt at low frequency to ura4+ .  Stra ins  no t  t ra nsformable w i t h  pDB262 were also 

observed and, where tested, were not tra nsfo rmable with pFL20 , although no 

reve rsion to leu 1 + was noted. No relationship was observed between the inabi l i ty to 
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t ransform/ ura4 reversion and any of the ure, leu 1 ,  o r  ura4 al le les.  Som e  of the non

transfo rmable stra ins had no parents in  com mo n ;  however ,  the seg regat ion patterns  

h i nt a t  t he  presence of  a genetic factor that i nh ibits t ransformation and promotes 

apparent  reversion of  ura4 auxotrophy. The revers ion of ura4 is curious  because the 

ura4 al le le used in  th is study ( ura4 0- 1 8  ) i s  supposed to be a 1 .8 kb d e let ion of the  

en t i re ura4 gene (Gri m m  et al. , 1 988) and ,  therefo re ,  i t  shou ld be impossible for i t  to  

revert . Perhaps suppress ion,  caused by  mutat ion at another s i te, rather  than 

reversion was responsib le fo r the observed g rowth of  the  ura4 mutants.  The 

ura4 0- 1 8  stra in was not specifical ly tested for the 1 .8 kb de let ion i n  th is study and ,  

therefore ,  may not have had the 0- 1 8  al le le .  

7 .  ISOLATION OF GENES COMPLEMENTING THE URE MUTATIONS 

7 . 1  Complementation of ure- strains with a S .  pombe gene bank 

Th ree d ifferent clones wh ich complemented ure- m utants were isolated from a 

S. pombe gene bank. The  clones restored u rease act ivity to the ure 1 ,  ure3, or ure4  

mutant  strains, demonstrated by  g rowth on  hypoxanth ine and  a positive ind icator p late 

reaction .  Each clone specifica l ly  complemented only one of the three ure m utants. Th is 

specif icity, as wel l  as the abso lu te requ irement fo r each of  the four ure genes for 

u rease act ivity, indicates that each ure gene has a separate and essential function in 

producing active urease.  Furthe rmore, the specificity of  complementation by each o f  

t h e  g ene bank clones argues aga inst any o f  them being a general suppressor o f  t h e  ure

phenotype . Possible funct ions of the ure g enes have been d iscussed in a previous 

sect ion ( D iscussion 2 - 2 .4 ) .  Fu rther work is necessary to conf i rm that the  c loned 

genes a re the wild-type a l le les of the ure genes . The cloned genes must be shown to 

i ntegrate at the chromosomal  locus of the ure g enes v ia homo logous recombinatio n .  

The  th ree  c lones which complement t h e  ure 1 ,  ure3, and ure4, mutants were isolated a t  

a frequency o f  between one per 3 ,500 and o n e  p e r  5 , 000 ,  y e t  no  clones of  t h e  ure2 

gene  were found in 70,000 transform ants screened. About 60% of the c lones in the 

S. pombe gene bank contained inserts g reater t han 5 kb (Resu lts 6 .3 . 1 ) .  The size o f  

the  S .  pombe genome is about 1 4 ,000 kb  (Moreno et  al. , 1 99 1 ) .  Therefo re ,  no  more 

than 5 ,000 clones ( length of the genome + length of i nse rts + proportion of c lones 

conta in ing inserts = 1 4 ,000 + 5 + 0 .6) would be requ i red fo r one genome-equiva len t  

of S .  pombe DNA,  assuming the g ene bank is perfectly representative . The t h ree 

complement ing clones were isolated at  c lose to the theoretical maximum expected 



frequency .  The exact probabi l i ty that any given sequence wi l l  be amongst a g iven 

n umber o f  gene bank c lones can be calculated from the fol lowing equation : 

N = I n( 1 - P )  

I n ( 1 - f ) 

(Sambrook et al. , 1 989)  
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where P is  the  desired probabi l i ty ,  f i s  the fract ional port ion o f  the genome i n  a s i ng le 

recombinant ,  a nd N is the necessary number of recombinants .  To ach ieve a 99% 

probabi l i ty of a l l  sequences having been screened in a S. pombe gene bank with 5 kb 

insert size and 60% of c lones contai n i ng i nserts ,  21 ,500 c lones need to be screen ed .  

Ampl if ication o f  the l ibra ry may cause non-randomness o f  t h e  gene bank a n d  more 

c lones would need to be screened.  The gene bank used in  th is study was ampl if ied by 

p lat ing clones  on sol id media ,  rather than g rowing i n  l iqu id cul ture , to reduce over

representat ion of faster g rowing c lones. There are two possible explanat ions to 

accoun t  for no ure2 clones be ing isolated : (a) the ure2 gene was poorly represented, or  

absent ,  from the gene bank,  and (b)  the ure2 mutation cannot be complemented by a 

wi ld  type ure2 gene on a p lasmid .  Possible reasons for poor representation of a gene in  

a gene bank may i nclude the fo l lowing : (a) the  gene product is toxic to  E.  coli cel ls so 

ce l ls  contain ing  the cloned gene d ie  or g row slowly ,  (b) the gene product may have a 

DNA sequence or conformation that is unstable i n  E. coli, eg o  the sequence may undergo  

frequent  recombination ,  ( c )  the DNA sequence may not be  efficient ly repl icated in  

E. coli, (d )  the gene of i n terest may have a hypersens i t ive rest rict ion enzyme s i te 

w i th i n  i ts sequence and, therefore ,  wi l l  be frequent ly cut  when the genomic DNA is  

part ia l ly digested in  preparat ion for  gene bank construction . Possible reasons that 

could prevent complementat ion of a mutation by the c loned wi ld-type a l le le may 

inc lude the fol lowing :  (a) the gene may be toxic i n  S. pombe when expressed from a 

p lasm i d ;  the h ig her copy n u mber or lack of proper transcr ipt ion/trans lat ion cont ro ls 

may resu l t  i n  tox ic levels of product, (b)  the mutant a l le le  may be dominant  and 

u n ab le to be complemented by a wi ld-type gene product, (c)  the gene product may not 

be co rrectly processed o r  compartmental ized and ,  the refore,  m ay not funct ion 

correct l y ,  (d) factors essent ia l  for expression of the g ene ,  for e xample transcript ion 

e n h ancers/regu lators , may not be appropriately postioned in  relat ion to the cloned 

gene .  Also, the correct DNA conformation may not be reproduced in  the cloned g ene and 

cou ld affect transcription .  None of the above factors has been d iscounted for the 

S. pombe ure2 gene . 

The five clones which complemented ure 1 - 1  were ident ica l .  Th is was unexpected 

because in a good gene bank independent clones are expected to be different ,  each 
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conta in i ng various amounts of D NA f lanking the complement ing gene .  The identical 

c lones isolated in the present  study may represent a s ing le p lasmid species that h ad a 

g rowth/su rvival advantage over  othe r  c lones and, t herefore , was ampl i fied to a g reater 

extent .  A lternatively, the identical S.  pombe genomic DNA segment present i n  the 

c lones may have had i ndependent o rig ins .  Perhaps th is  frag ment was commonly 

produced in  the Sau3A part ia l  d igest u sed to produce the DNA for the gene bank and was 

i ndependent ly cloned several t imes .  This cou ld occur i f  specific sites flanking the gene 

had much higher sensit iv i ty to cutt ing by Sau3A .  

7 .2  Hybridization of the peR primers to the ure--complementino clones 

The  ure -- complement ing c lones  (pT 1 - 1 , pT3 - 1 , and pT4- 1 )  were hybridized to t he  

pe R pr imers ML  1 and  M L2 .  T hese pr imers correspond to the predicted l ike ly 

n u cleotide sequences of  the S. pombe urease-subun it gene, back-translated from the 

amino ac id sequence of the enzyme and wi th codon preferences taken into account .  No 

hybridization was observed between any of  the  clones and e i ther  of  the  pr imers, 

despite a low hybrid izat ion and wash ing str ingency ( 1 5  - 25 De below the calculated 

T m of the  pr imer/DNA complex)  being used.  These resu l ts are di fficu l t  to i n terpret 

because the primers also did not hybridize to S. pombe total g enomic DNA. Lack of 

hybridizat ion could indicate that the complem enting c lones do not correspond to the 

g e n e  for the u rease subunit ,  o r  that the pr imers were just too divergent from the 

nucleot ide sequence of the gene to a l low hybridization under the  condit ions used. 



SUMMARY AND CONCLUSIONS 

Several publ ished methods were modified to aid the the studies i n to 

Schizosaccharomyces pombe u rease. Selection of u rease m utants by their  inabi l ity to 

u s e  h ypoxanth ine as a sole n it rogen source (K ingho rn and F lu r i ,  1 984) was not 

effective when amino acid  and n ucleotide supplements were added to the sol id media. 

Two ind icator plates were deve loped in the present  study wh ich pe rmitted the rapid 

iden t i ficat ion of urease m utants and wh ich were not a ffected by amino acid and 

n u cleotide supplements. These media may also provide a more rapid and sensit ive way 

to iden tify urease activ ity i n  othe r  yeast species on so l id media.  
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The  l i th ium ch loride method for S. pombe transformation was modified to improve t he  

t ransformation frequency by  as m uch as  1 00-fo ld .  Two importan t  factors requ i red for 

a h igh t ransformat ion effic iency were (a) using denatured carr ier DNA (s ize 

approx imate ly 2 - 1 5  kb) and (b) resuspending ce l l s  i n  0 .9% sodium chloride after 

tran sformation .  Transformation by th is method was strain dependent .  

S. pombe urease was purif ied and characterized.  L ike most bacteria l ,  fungal and plant 

u reases ,  i t  is intrace l lu lar and isozymes are probably not present .  S.  pombe u rease 

has  a s ing le subuni t ,  l ike p lant and other fungal  u reases and u n l ike bacte rial u reases. 

U rease subuni t  size is not conserved between plant ,  funga l ,  and S. pombe 

( M  r 1 02 ,000) enzymes a n d  ne i t he r  is the subu n i t s to ich io m et ry ,  a d imer fo r 

S.  pombe, a hexamer for jack bea n  and Aspergillus nidulans. The native molecular 

we ig h t  for u rease from S. pombe (Mr 2 1 2 ,000) , A.  nidulans, bacte ria and jack bean 

( the t rimeric form) is between  about Mr 200,000 and Mr 2 9 5 , 0 0 0 .  

T h e  N -term inal sequence o f  S .  pombe urease i s  conserved i n  jack bean and bacterial 

u reases . Further sequence data shou ld al low the extent of homology, conserved domains 

and evo lut ionary relationsh ips to be determined.  

The k i netic characte ristics of S. pombe urease (Km 1 .03 m M ;  pH optimum 

7 .5  - 8 . 5 ;  specif ic activity 709 U/m g )  are s im i lar  to  the  u rease from another  

fungus ,  A. nidulans. The low int race l lu lar concentration and Km of the enzyme may 

ind icate tha t  the major function of S. pombe urease, l i ke  A . nidulans u rease, is for 

pur ine  degradation .  
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T h e  fou r complementat ion g roups previously described for S. pombe urease m utants 

( Ki nghorn and Flur i ,  1 984) have  been conf irmed i n  the  present study.  Each  ure gene  

has  been  m apped to the  fo l lowing approx imate genet ic locat ions :  ure 1 o n  t he  l eft arm of 

c h ro mosome I I I ,  32 cM fro m  tur 1  and 50 cM from ade6;  ure2 on  the r ight arm of 

c h ro mosome I , 69 cM from ura2 and 1 00 cM from ade4;  ure3 on the r ight arm of 

ch romosome I ,  3 1  cM from ade4 and 9 1  cM from ura2; ure4 on the left arm of 

ch ro mosome I , 1 00 cM from Iys 1 .  

T h re e  d i fferent  clones ,  e ach o f  wh ich specif ica l ly  comp lemented one o f  the ure 1 ,  ure3, 

or ure4 mutants, were isolated f ro m  a S. pombe gene bank. Study of these u rease 

c lones  shou ld a id the functiona l  characterization of the o f  the ure genes.  A c lone 

comp lement ing the ure2 m utant was not isolated, and i t  is l ike ly that e i ther  the 

appropriate clone was not present  i n  the gene bank ,  o r  that the  ure2 m utant cou ld not  

be complemented in  th is way. 

S. pombe is a good candidate for the isolat ion of urease genes and their transfer to w ine 

yeast .  Three of the four  genes required for u rease activity have been isolated i n  the  

p resen t  study and no obstacles h i nder ing the isolat ion of the remain ing gene a re 

fo reseen .  

FUTURE WORK 

The th ree  c lones which complement  the ure 1 ,  ure3, and ure4 m utants are assumed to 

e n code the  respective ure genes because u rease activity is spec ifica l ly restored ; 

however, it is necessary to con fi rm the identity o f  the c loned genes by showin g  that  

they i nteg rate at  the chro mosomal locus of the ure genes by homologous recombinat io n .  

T h e  ure2 mutant was not comp le m ented. Befo re fu rthe r  attempts are mad e  t o  isolate 

the wi ld-type ure2 gene ,  the ure2 m utat ion m ust be checked for dom inance over the  

w i ld - type a l l e l e  i n  a d iplo id ure2-/ ure2+ h eterozygote .  I f  th e ure2- a l l e le  i s  

dom inant ,  t h e  mutant a l le le  could be isolated from a S .  pombe ure2- gene ban k  by 

t ransforming wi ld-type S. pombe and selecting  for urease def iciency.  The isolated 

m utant  gene cou ld then be used to recover the wi ld-type g e ne from a gene bank by 

hybr id izat ion .  I f  the ure2- a l l e le  is recessive, another w i ld-type gene bank shou ld be 

screened by complementation of the ure2 mutant .  It may be necessary to use a low 

copy n u mber vector i f  the ure2 product is tox ic .  
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The  m in imum sequence requi red for complementat ion shou ld be determined for each of  

t he  iso lated genes.  I n trons ,  and  t ra nscription start and stop s ites cou ld be ident i f ied by 

sequence comparison to cDNA c lones or m RNA ampl if ied by PCR, and by pr imer 

extension studies. Transcript ion regu lato ry controls are assumed to be absen t  because 

of  t he  non- regulated n ature o f  u rease activity , however, th is  should be i nvestigated by 

N orthern  hybridizat ion ana lyses .  

O nce the cloned genes have been characterized, work can begi n  on the transfer and 

i n tegrat ion of  the genes i nto S. cerevisiae ( the usual  w ine y east) . I f  i n trons are 

present i t  may be necessary to u se DNA copies of the m RNA (cDNA or PCR ampl if ied 

m RNA) because in tron s  are o ften not processed correctly in S. cerevisiae. Also, i t  m ay 

be necessary to clone the genes under the control of a promoter wh ich is more 

eff ic ient ly expressed in S. cerevisiae than the natural S. pombe promoter. 

Fu rther  tet rad analyses are requ i red to more accu rately map the ure genes .  

Conven ient  a n d  informative marker genes for l inkage ana lyses could include the 

fol lowing : ade 1 a - shou ld map m idway between ure 1 and tur1 ,  about 1 6  cM from e ach ; 

tps 1 9  - should map between ure2 and ure3, approx i mately 20 cM from each.  The 

ure4 gene was tentatively mapped 1 00 cM from Iys 1 ,  o n  the left arm of  chromosome I .  

The  on ly other genes wh ich have been mapped close to th is region are aroS and swi 1 ,  

which are about 5 5  c M  and 6 2  c M  ( respect ive ly) from the Iys 1 gene ,  o n  the left arm 

of  chromosome I .  The next closest gene group inc ludes the his6  gene,  which is n early 

230 cM from Iys 1 ,  on the left a rm .  

The  function of each o f  t he  ure g enes should be identif ied. Nuc leotide sequence data 

should reveal which gene encodes  the enzyme subun i t .  Sequence data may also identify 

o th e r  possible functions fo r these genes.  A n icke l-specific transport gene (hoxN) 
from A lcaligenes eutrophus has been cloned and sequenced ( E i t inger and Friedrich ,  

1 99 1 ) .  Several bacter ia l  genes associated wi th  nickel i ncorpo rat ion have been  

sequenced (Mu l rooney and Haus inger ,  1 990) .  Sequence s im i larity may indicate a 

s im i lar  ro le  for a ure gene .  Other  motifs, such as t ransmembrane structu res , wh ich 

can be predicted from sequence data could a lso indicate transpo rt roles . Apart from 

sequence analyses, many b iochem ical and physio log ical tests n eed to be done .  An 

obv ious start ing point wou ld be to test wild-type S .  pombe u re ase for the  presence of  a 

n ickel  cofactor .  If present ,  as e xpected ,  al l  mutants s hou ld be examined for the  

production of i nactive apo u rease ,  lacking a n icke l  cofactor. The  absence of a n ickel 

cofactor cou ld indicate the mu tan t  i s  u nable to transport, synthesize or i ncorporate a 

n ickel  cofacto r in to u rease. 
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