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THESIS  ABSTRACT 

M utants of the maize terminal ear1 (te 1 )  gene have shortened internodes,  abnorma l  

phyl l otaxy, leaf pattern defects and part ia l  fem inisat ion of tasse ls .  The te 1 gene 

encodes an R NA recogn ition motif (RRM) prote in ,  and is expressed i n  the vegetative 

shoot apex in semici rcu lar  rings  that lateral ly oppose the posit ions  of leaf primord ia  

(Veit 1 998) .  Th is project a imed to further characterise the molecu lar b iology and 

fun ction  of the te 1 gene .  

Mo lecu lar  genet ic  stud ies aimed to further characterise the genes structure and 

express ion .  Genomic c lones were sequenced revea l i ng the i ntron exon structu re.  5' 

RACE was used to predict a 5' transcription  start site. Competitive RT-PCR showed 

that te 1 transcri pts were h ighest in vegetative shoot meristems and embryos,  l ower i n  

ears,  roots and tassels ,  and u ndetectab le  i n  leaves. Two te 1 mutant a l le les were 

c loned and  the j un cti ons  sequenced, a further five a l le les were characterised 

i ncompletely . 

The T E 1  pept ide be longs to a subclass of RRM prote ins which inc ludes the 

Schizosaccharomyces pombe protein ME I2 .  More than 30 putative p lant Mei2-l ike 

genes were identified in Genbank ,  no examples have been found in metazoans. 

Seven Mei2-l ike genes were predicted from the completed Arabidopsis genome. 

Exon structure and amino acid sequence supported three group ings of  Mei2-l ike 

genes. Structural p redict ions of Mei2-l ike proteins  ind icate that the th i rd RRM 

contained some nove l  structura l  features not present i n  canon ica l  RRM prote ins .  

Attempts to study the function  of the TE 1 protein in vitro were l im ited by the inabi l ity 

of both E. coli and Pichia pastoris expression systems to express the fu l l  l ength 

prote in , probab ly due to codo n  b ias .  Antibodies produced to a C-termina l  port ion  of 

the prote in  d id not specifica l ly detect the TE 1 protei n  i n  p lant extracts without  

incurr ing n on-specific act ivity . 

The te 1 cDNA was ectopical ly expressed i n  Arabidopsis from a copper- induc ib le 

promoter both wi th and wi thout  the SV40 nuclear local isat ion s igna l  ( N LS) .  Although 

both te 1 and NLS:te 1 transgenes were detected i n  transformants n o  phenotypes 

cons istent ly correlated with transgene expression .  
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Cha pter 1 .  Introduction 

C HA PT E R  1: INTROD U CTION 

1.1  ABSTRACT 

The terminal ear1 mutant phenotype is  characterised by abnormal  pos it ion ing of leaf 

pri mord ia in the vegetative shoot meristem of maize (Veit 1 998) ,  i nd icating that the 

te 1 genes activity is  a regu lator of the position ing of organ primord ia i n  the shoot 

apex. Ana lysis of the funct ion of th is gene may therefore br ing a greater 

understand ing of the mechan isms that determine phy l lotaxy . A genera l  i ntroduct ion 

to developmental b iology i s  presented with specific reference to p lants ,  fol lowed by a 

d iscUss ion  of some important aspects p lant development that relate to th is thesis .  

S hoot meri stems are described with a specific focus on  the e lements that al low the 

mer istem s  to ba lance self p ropagation  with lateral differentiation .  Research i nto the 

phenomena associated with the posit ion ing and in it iatio n  of lateral primord ia  is  

reviewed to set the scene for  the specific context of the terminal ear1 genes activity. 

The current u nderstand ing of the terminal ear1 genes fun ct ion in the posit ion i ng of 

leaf primord ia  is described . The te 1 gene belongs to a new fami ly  of RNA recogn it ion 

m otif (RRM) prote ins  that a re present i n  a l l  eukaryotes and i nc ludes the S. pombe 

gene Mei2. The conserved structures of RRM domains described with a brief 

i ntroduct ion to the wide variety of cel l u lar  functions  they regu late. 

17 
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1.2 .  Developmenta l  b io logy 

At present, the mechan isms that determine phy l l otaxy are not understood .  Two 

p ri nc ip les of deve lopmental b io logy that relate d i rect ly  to this problem,  and warrant  

d iscuss ion before proceeding ;  the positiona l  i nformation  model (Wo lpert 1 998 ) ,  and 

the competence of a t issue to  respond (McDanie l  1 984) .  

18 

An important aspect of developmenta l b io logy is that spatia l  patterns of gene 

express ion determine form. Wol pe rt ( 1 969) formu lated a model that described cel l s  

as  ga in ing 'knowledge' of their posit io n  v i a  grad ients o f  morphogens .  Ce l l s  i nterpret 

these gradients as positiona l  information ,  and develop accord ing ly .  Pos itiona l  

i nformatio n  i s  particu larly  important to  p lants, because p lants cel l s  appear to  alter 

identity with respect to posit ion to a much greater degree than do an ima l  cel l s .  Many 

aspects of  shoot meristems rely on  precise posit ion i nformation .  Phy l lotaxy i s  a c lear  

example, i n  that certai n  popu lat ions o f  cel l s  a lter devel opmental fate depend ing 

entirely on  their positi on .  

I t  i s  know n  that cel l s  w i l l  n ot a lways respond to  posit iona l  i nformat ion o r  may respond 

to the same information  i n  a d ifferent manner. P lant phytohormones ,  for example ,  

have a la rge variety of  effects on p lant growth and development. The contin ued po lar  

transport of aux in induces gradua l  d ifferentiation  of  cortical  cel l s  i nto d i fferent 

vascu la r  t issues (Sachs 1 984) . It appears that a constant s igna l  can g ive rise to 

further refinement of cell identity . The d i fference is  not in the s igna l ,  but in the 

i nterpretatio n  of the s igna l .  On the molecu lar leve l ,  th is is  l i ke ly to be due to the 

expression of d i fferent receptor molecu les ,  o r  d ifferent branch points i n  s igna l  

transduct ion cascades. Competence to respond to posit iona l  info rmation is  

particu lar ly i mportant to the i n it iat io n  of l ateral organs i n  the shoot meri stems. Whi l e  

i n  t he  central zone cel ls may  receive positiona l  i nformation bu t  they a re not 

competent to respond .  I t  appears that as cel l s  become disp laced from the central 

zone, they l oose some of their i ndetermi nacy ,  and become able to d iffe rentiate . 

1.3 .  Three important  aspects of p lant  development 
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1 . 3a. The control of ce l l  d iv is ion 

P lant cel l s  d o  not migrate , and cel l  death i s  a rare occurrence that usua l ly does not 

affect pr imary formative development, so the regu lation  of cel l  d iv is ion would seem to 

be cruc ia l  for the development of p lant form . There are three parameters of cel l  

division that cou ld  affect develop ment  significantly; the frequency o f  division , the 

p lane of d iv is ion ,  and the p lane and extent of cel l  en largement (elo ngation, widen ing 

etc. ) .  

Alterat ions i n  the overa l l  frequency o f  cel l  d iv is ion do not appear to a lter the t issues 

o r  o rgan isat ion of t issues, as evidenced by the overexpress ion of a dominant  

negative Arabidopsis C DC2a gene i n  tobacco ( Hemerly 1 998) .  The resu lt ing p lants 

had fewer cel l s  than norma l ,  but were otherwise wel l  formed . However, loss of 

contro l over the frequency of cel l  d iv is ion in one particu lar  t issue has d rast ic 

consequences for development, particu larly the cel l  d iv is ion of the shoot meristem .  

M utati ons  i n  e ither CLAVA TA 1 or CLA VA TA3 genes resu l t  i n  a meristem that 

prol i ferates beyond n ormal l imits, whi le shootmeristemless (stm) m utants fa i l  to 

prol iferate, with s igni ficant affects u pon meristem funct ion (Long 1 996 ,  C lark 1 995) . 

A IN TEGUMENTA appears to promote div is ion specifica l ly i n  the cel l s  of primord ia ,  

and ectop ic  overexpression of the gene resu lts i n  en larged mature o rgans  derived 

fro m  the shoot and the root that are norma l  i n  morphology (Mizukami  2000) , 

i nd icating that the re lative control over cel l  d iv is ion rate is  important i n  mature 

tis sues also. 

The p lane of cel l  d iv is ion seems to be much less important. M utations in the maize 

tang/ed1 gene have i rregu lar  p lanes of d iv is ion i n  the long itud ina l  o rientation ,  but 

no rma l  d ivisions in  the transverse p lane (Smith 1 996) .  M utant leaves g row s lowly,  b ut 

a re a n o rma l  shape.  The m utant phenotype of tangled1 suggests that p lanes of 

d iv is ion are regu lated d ifferently i n  transverse vs. l ong itud ina l  d imens ion .  The 

analys is of m utants of ANGUS TlFOLlA and ROTUND/FOLIA in Arabidopsis i nd icates 

that cel l  expans ion may a lso be regu lated i ndependently in d ifferent axes (Tsuge 

1 996) . Mosaic analysis of the dominant Gnare/y- 1 R class I homeobox gene a lso 

s uggests that there a re d i st inct pathways for communication  between the lateral and 

transverse d imension (Foster 1 999) .  

Cel l en largement appears to  be more important to estab l ish ing the s ize of  p lant 

organs .  ANGUS TIFOLlA mutant leaves are narrower than norma l ,  whi le 

ROTUND/FOLIA mutants are shorter than normal leaves (Tsuge 1 996) .  Whi le 
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narrower/shorter cel l s  are the cause, the cel l s  do not seem to compensate , by 

d iv id i ng  more frequently to produce g reater numbers of cel l s  for example .  

20 

Whi le  the relative rates of  cel l  d iv is ion between d ifferent t issues i s  very i mportant for 

devel opment ,  neither the p lane of cel l  d iv is ion ,  the overa l l  frequency of d iVisi on ,  nor  

the extent of ce l l  expans ion needs to be contro l led for the deve lopment  of pattern . As 

we sha l l  see in the next sect ion ,  p la nts can be considered a suprace l l u l a r  network of 

cytop lasm,  so i t  may not matter exactly where the boundaries between ce l ls  are 

formed .  

1 . 3b.  The rol e  of  i ntercel l u la r  traff ick ing i n  p lant development 

I t  is  known from stud ies of pericl i nal chimeras that some genes act n on-cel l  

autonomous ly ,  that they affect c lonal l ayers other than those in  which they are 

expressed (e .g .  D ud ley 1 993 ,  Hake 1 997 ,  Foster 1 999 ) .  Unt i l  recent ly h owever, the 

mechan isms underlying th is phenomenon were not wel l u nderstood .  One of the most 

excit ing  find ings in  recen t  t imes has been that macromolecu les such as  mRNAs and 

protei ns  are transported . Th is  transport is  not on ly  l im ited to  specific 

macro molecu les ,  but a lso to specific domains with in  the p lant. Few examples have 

been stud ied wel l  to date, but two wi l l  serve to i l l ustrate some of the pri ncip les that 

a re beg inn ing  to emerge. The KNOTTED 1  (KN 1 )  homeobox protei n  was found  to be 

present i n  both the tun ica and corpus of maize shoot apical  meristems (SAMs) ,  wh i le  

knotted1 mRNA was l imited to the corpus (Jackson 1 994) , imp ly ing that  the protei n  

w a s  a b l e  t o  move between cel ls .  I t  was found that t h e  KN 1 prote in  i s  a b l e  t o  traffic 

kn1  transcri pts between cel l s  (Lucas 1 995) . RNA transport a lso occurs over long 

d i stances through the phloem .  Experiments w ith pumpkin-cucumber g rafts i ndicated 

that CmNACP mRNA was transported across the g raft through the ph loem,  and then 

through p lasmodesmata i nto the shoot apex (Ru iz-Medrano 1 999) .  Tra nscripts with a 

variety of putative funct ions (defence, ce l l  cycle  regu lat ion ,  f lora l develo pment ete.) 

were found to be present i n  cucumber ph loem,  and some of these transcripts were 

restricted from entry into the apex. 

Transport of macromolecu les in  the symplasm appears to be contro l led .  

U ltrastructura l stud ies of p lasmodesmata ind icate that they conta i n  some regu lar  

complexes, and that  both cytop lasm and endoplasmic recticu l um traverse junct ions 

(Eh l ers 1 999) . The molecu les that a re ab le to travel through p lasmodesmata a re 

usua l ly  restricted to a ' size exclus ion  l im it' of a bout 1 kO ,  but overexpression of v i ra l  

movement prote ins increases t h e  s ize exc lus ion l im i t  t o  - 20 kD (Wolf  1 989) .  For 
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K N 1  to traverse p lasmodesmata , it must i nduce their expans ion ,  and the degree to 

wh ich this occurs could wel l  be regu lated by specific domains of the prote i n .  

Experiments with i nject ing tracer dyes either d i rectly into the shoot apex o f  b i rch 

(R inne  1 998) ,  or  load ing dye i nto the Arabidopsis ph loem (G isel  1 999)  have shown 

that ce l ls  are not u n ifo rmly connected by functiona l  p lasmodesmata , specific  domains 

are formed. These domains have been most extensively studied in the shoot apex, 

and they prov ide a new understand ing of the structure of the SAM (discussed in  

Sectio n  1 .4a) . Two aspects of  p lasmodesmata functio n  may control the format ion of 

symp last ic doma ins .  Pr imary and secondary p lasmodesmata may have d ifferences i n  

transport capabi l it ies , a n d  primary p lasmodesmata are on ly formed from c lona l ly  

derived ce l ls  (van der Schoot 1 999) .  Secondary p lasmodesmata ar ise post 

cytokinesis ,  and  the frequency of appearance appears to be deve lopmental ly  

regu l ated accord i ng to t issue fus ion and cel l  e longat ion events (Lucas 1 993) . Also , 

p lasmodesmata may be selectively c losed by the activity of g lucan synthase 

complexes that form ca l lose p lugs in the p lasmodesmata l u men (Eh le rs 1 996 ,  Lucas  

1 993) . 

The p icture that emerges from these i nvestigations  is that a s uprace l l u la r  network 

a l l ows movement of a variety of smal l  molecules,  and certa in macromolecules. The 

d iscuss ion of the structu re of the shoot apex wi l l  show that the connections of 

p lasmodesmata a re both spatial ly and tempora l l y  contro l led .  

1 . 3c .  Structures that g ive r ise to the p lant body 

Conceptua l ly ,  plant development can be d ivided i nto three main stages; 

embryogenesis ,  the development of primary p lant t issues from shoot and root 

m eristems ,  and the deve lopment of secondary t issues from the vascu lar  camb ium 

and the  cork camb ium.  Shoot and  root meristems are usua l ly  morpho log ical ly 

d isti ngu ishab le i n  the heart-shaped embryo (Steeves 1 989) ,  but probab ly begin to be 

defined at the molecular level with the onset of WUSCHEL expression at the 1 6  cel l 

stage.  Th is process is relative ly complex, and i s  the subject of considerable study 

(see Lenhard 1 999  and Bowman 2000 for reviews). Th is i ntroduct ion focuses on 

vegetative deve lopment,  and the formatio n  of the SAM wi l l  not be described i n  detai l .  

Two i mportant po ints w i l l  suffice 1 )  the l i neage o f  the meristem i s  estab l ished by 

g radua l  stages that beg i n  very early, and 2)  by the complet ion of embryogenesis a 

fu l ly  functiona l  SAM is present. The remainder of the d iscussion of p lant development 

wi 1 1  conce ntrate o n  a descripti on  of the structure and function  of vegetative shoot 
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meristems (Sectio n  1 .4) ,  with a part icu lar focus on the i n itiatio n  of l atera l o rgans 

(Sect ion  1 . 5) .  

1.4.  S hoot meristems 

1 .4a. Structure of shoot meristems 

Although shoot meristems d iffer in  externa l  d imensions and in  various  aspects of 

cel l u l a r  morpho logy between taxa they share a common structura l organ isation  

(Steeves 1 989) .  I n  fact shoot meristems are more s im i lar  between d ifferent taxa than 

a re embryos ,  and a re a better example of ontogeny recapitulat ing phylogeny (Sachs 

1 98 1 ) .  

2 2  

Two features o f  vegetative meristem s  are v is ib le at the level o f  cel l  h i stology: a n  

exterio r- interior  o rgan isation  (tun ica-corpus) o rgan isation ,  a n d  a rad i a l  zonat ion 

(centra l ,  peripheral a nd r ib meristem zones) . The functiona l  nature of both levels of 

o rgan isat ion have support from experimental data (see below) .  The tun ica is 

composed of one or two layers of cel ls (depend ing on  the taxa) that appear i n  regu la r  

fi les .  O bservations of  pericl i na l  ch imeras ind icates that each l ayer o f  the  tunica 

(designated L 1 ,  and L2)  is  c lona l ly derived , a s  i s  the corpus (L3)  (Steeves 1 989) .  Ce l l  

d iv is ions i n  the tun ica l ayers are therefore restricted to the antic l i na l  p lane i n  

the meristem ,  unt i l  the rel axation  o f  d iv is ion p lane control in  i ncip ient pr imord ia  

(Lyndon 1 983). 

Another cytological l y  visible o rgan isat ion exists i n  the rad ia l  d imension  between the 

cel ls i n  the center of the meri stem,  and those at the periphery. Cel ls of the centra l 

zone are l a rger, more vacuo late, and div ide less frequently than the peri pheral zone.  

The model  of activity that is  derived from the o bservations of h isto logy and ce l l  

d iv is ion rates is  that  the cel l s  of the centra l zone act as  the progen itors of the 

periphera l  zone cel ls .  Particu larly  l a rge ce l ls  can sometimes be observed the a pex of 

the central zone that are presumed to be a pica l  i n iti a l s ,  the u lt imate source of the 

central zone. The expression patterns of genes such as  CLA VA TA3,  CLA VA TA 1 ,  
WUSCHEL, UNUSUAL FLORA L ORGANS,  a n d  SHOOTMERIS TEMLESS have 

de l im ited centra l zone cel l s  of Arabidopsis more clear ly ,  and ind icated that the 

cytol og ica l  zones represent funct iona l  d ifferences ( reviewed i n  Bowman 2000) . 
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I nvesti gations  of the flow of low molecular weight dyes through p lasmodesmata have 

added cons iderably to our  understand ing of  the cel l u lar  structure of  the SAM (R inne 

1 998 ,  van der  Schoot 1 999, G ise l  1 999) ,  Experim ents with the i nject ion  of  flo rescent 

dyes i nto the SAM of b i rch seed l ings ind icated that there were fou r  symplast ic  zones 

i n  the shoot apex (F igure 1 , 1 ) , 

P 

P 

CZ-T 

CZ-C 

F i g u re 1 .1 . Symplastic f ie lds i n  the SAM. This  d iag ram shows an idea l i sed 
meristem ,  with two primord ia  (P ) ,  Dye tracer experiments ind icate that  there are 
fou r  f ie l d s  of symp last connect ion wi th i n  the SAM, The doma ins  appear  to 
correspond  to centra l  zone  t u n i ca (CZ-T) , centra l  zon e  corpus  (CZ-C) ,  
per i phera l  zone t un ica ( PZ-T) a n d  pe ri p h e ra l  zone  corpus ( PZ-C ) .  The  
per iphera l  zone  doma i ns  a re connected a ro u n d  the c i rc u mference of  t he  
centra l  zone ,  I n  b i rch vegetat ive seed l i n g s  there i s  a trans ien t  con n ectio n  
b etwee n  the centra l zone and the peri pheral zone (arrow) , F igure adapted from 
van der  Schoot ( 1 999) ,  
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Whi le  these zones were not d i rectly related to the central and peri ph eral zones of 

b i rch ,  they appear very s im i lar .  The transient connect ion between the central and 

periphera l zones seen i n  these stud ies ,  wh ich may coincide with the start of a 

p lastochron .  i ndicating that the l imits of symplastic domains a re dynamica l ly  

regu lated . The dynamic  regu lat ion of symp lastic domains was a lso seen in  

i nvestigat ions of Arabidopsis where the dye was loaded via the leaf ph loem (Gise l  

1 999) . In  th is study i t  was shown that the symplast ic pathway from the ph loem was 

l im ited to the tun ica ,  and that the dye uptake decreased prio r  to the onset of 

flowerin g .  

Becau se these experiments used low molecu lar  weight  dyes a s  tracers they can 

p resumably flow though any functiona l  p lasmodesmata. These doma ins  therefore 

de l im it the traffick ing of low molecu lar weight  compounds (such as phytoh ormones)  

i n  the cytop lasm, endop lasmic rect icu lum (ER) l umen ,  or  E R  membrane .  I ntrace l l u la r  

macrom olecules may have further restricted domains depending o n  the facto rs 

requ i red to i ncrease the size exclus ion  l imit .  

The overa l l  structure of the shoot meristem is  dynamic and changes duri ng  

deve lopment. Most notably ,  the ent i re meristem becomes la rger and l ooses some of 

i ts rad i a l  patte rn i ng  with the o nset of floweri ng ,  concomitant with a change i n  

phy l lotaxy (Steeves 1 989) . Despite the continu i ng  d isp lacement o f  central zone cel l s  

i nto t h e  peri pheral zone,  the central zone i s  ma in tained throughout vegetative 

deve lopment.  The dynamic ma intenance of central and peripheral zones is a central 

theme of the next section .  

24 
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1 .4b .  Funct ions of the shoot meristem 

Shoot meristems conti nue  organogenesis throughout the l i fe of the p la nt, g iv ing p lant  

organs  developmental p lasticity i n  response to the i r  environment. Although there are 

cons iderab le  complexit ies to meristem phenomena ,  thei r  behaviour can be 

summarised w ith the fol l owing l i st of  features: 

1 )  indeterminate; the cel ls can cont inue to d ivide ' i ndefin i te ly '  

2) Undifferentiated; meri stem cel ls are organ ised i nto other structures without pr ior 

de-different iat ion 

3) Self propagating; population s  of central and periphera l  zone cel l s  a re ma inta i ned 

and dynamical ly regu lated 

4) Generative; cel l s  beyond the central zone are induced to d ifferent iate 

Each of these features w i l l  be d iscussed in turn, a lthough they a re i nterdependent. 

1 )  M eristems are i ndetermi nate 

Clona l  ana lysis has  ind icated that there may be sma l l  g roups of more or less stab le  

ce l l s  that a re mainta ined at the  summit of the  meristem that g ive  r ise to  the  ent i re 

apica l  port ion  of the p lant (Steeves 1 989) .  Whi l e  the ind iv idua l  ce l ls  that a re i n  th is 

pos i t ion may not be the same throughout the l ife of the p lant the p resence of some 

cel l s  i n  th is state i s  ma intained u nt i l  the center of  the ap ica l  dome diffe rent iates at  

flowering .  Such apical  i n it ia ls g ive rise to a l arge number of  cel l s ,  and do  not appear 

to have a l im i tatio n  on  the n um ber of cel l  d iv isions .  D ifferentiated cel l s ,  such as those 

of latera l  o rgans on ly underg o  a l imited number  of d iv is ions .  The i ndeterminate state 

is a part icul a r  feature of the centra l  zone,  and appears to be p romoted by kn 1- l i ke  

homeobox genes .  Misp laced expression of kn 1 i n  maize leaves resu lts i n  'knots' of  

newly d iv id ing cel l s  that  to some extent are dedifferent iated (Jackson 1 994) .  The 

overexpression of an Arabidopsis kn 1- l i ke gene KNA T1 in Arabidopsis produced 

l obed leaves and ectop ic  meristems (Chuck 1 996) . 

2) M eristem cel ls a re not d i fferentiated 

There are two aspects to th i s  feature of meristems :  1 )  central zone ce l ls  a re ab le  to 

d iffe re ntiate i nto a variety of o rgans d i rectly without dedifferentiati on ,  2) but u nt i l  that 

t ime they are restricted from being recruited to l ateral organ primord ia .  Although most 

plant t issues mainta i n  ' p lur ipotentcy' , the ab i l ity to regenerate entire plants, they 

usua l ly  must lose structure and  developmenta l ly regress i nto ca l lus before do ing so .  
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The cel ls  of the central zone,  and their immediate derivatives are ab le to d ifferentiate 

d i rect ly .  The  Arabidopsis WUSCHEL ( WUS) gene is  requ i red to p revent central zone 

cel l s  fro m  be ing recruited i nto organ primordia , the meristems of wus mutants are 

consumed i n  leaf pr imord ia  (Laux 1 996) . I nterest ing ly ,  WUS is not requ i red for 

contin u i ng  meri stematic g rowth ,  s ince primordia i n i t iat ion re-occurs in mutant ap ices. 

S in ce Arabidopsis S TM and the maize orth% g KN1 are not expressed  in the s i te of 
i nc ip ient  organ primordia their meristem-promoting funct ions  appear to be 

incompat ib le  with d ifferentiati on .  The Arabidopsis CUP-SHAPED COTYLEDON 1 

and CUP-SHA PED COTYLEDON 2 (CUC1 and CUC2) and the Petun ia  ortho log No 

Apical Mer/stem (NAM) are possib ly i nvolved in the separation  of organ primordia 

from the meristem (Aida 1 999, Souer 1 996) .  These genes a re expressed between 

the shoot meri stem and lateral o rgan pr imord ia  eue or nam mutations  resu lt in fused 

coty ledons  and floral organs .  

3)  Popu lat ions of centra l and periphera l  zone  cel ls dynamical ly  se lf  reg ulate 

the i r  n um be rs 

Surg ica l  stUd ies have ind icated even very smal l  port ions of d issected SAMs wi l l  

regenerate ent i re meristems (reviewed i n  Steeves 1 989) . An i nterest ing factor of 

these studies i s  that the meristem reorganises itself into central and periphera l  zones 

before new organs are formed.  These surg ica l  studies a re a d ramat ic example of a 

natural p rocess,  s ince cel ls o f  the central zone are cont inual ly  bein g  ' removed' once 

they a re recru ited i nto organs .  The CLAVATA1 /CLAVATA3 complex appears to be 

requ i red for the correct regu lat ion of central zone s ize s ince mutations  in e ither gene 

resu lt in fasciated meristems (Clark 1 997) . Both genet ic  and biochemical data 

ind i cate that these genes act as a complex with C LAVATA3 as a extrace l lu lar  s igna l ,  

and  CLAVATA1 as a the  receptor (Clark 1 995 ,  Trotochaud 1 999).  S ince CLA VA TA 3  

m R NA i s  p resent i n  the L 1 central zone, a n d  CLA VA TA 1 i n  the L 2  a n d  L3, th is 

complex i s  an  example of co-ord inat ion between symplast ic boundaries. M utat ions in 

MGOUN 1  or MGOUN2 (MG 0 1 ,  MG02) genes a lso develop abnormal ly large  

meristems ,  and fasciat ion o f  t he  i nflorescence stem (Laufs 1 998) . A comparison o f  

t he  cel ls accumulated i n  t he  i ndiv idual m utants showed that mgo2 apices 

accumu lated cel ls i n  the peripheral zone, whi lst clv3- 1 apices accumulated cel ls i n  

t h e  centra l zone (Laufs 1 998) . A s  noted b y  Lenhard ( 1 999) , th is suggests that cel ls 

must progress through two 'checkpoints' that a lter fate before they are able to be 

recru ited i nto l ateral o rgans :  the progression from i n it ia l  cel l  to peri pheral cel l ,  which 

requ i res the CLA VA TA complex, and then a p rogress ion peripheral cel l  i nto 

primord ia ,  which requ i res the MGOUN genes. 

26 
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Leaf primord ia  a lso affect the maintenance of the meri stem .  When temperature 

sensit ive m utants of the Antirhinum MYB gene phantastica are g rown in  the 

restrictive  temperature they deve lop abaxia l ised leaves (ventra l ised) , and cease to 

mai nta in a meri stem (Waites 1 998) .  In  Arabidopsis phabuJosa-1d mutants l eaves are 

adaxia l i sed and the meristems are en larged . These two observations i mply that the 

proximity to adaxia l  (dorsa l )  pr imord ia cel l s  p ro motes meri stems, wh i le  proximity to 

abax ia l  pr imord ia  cel l s  l imits meristems. 

4) Ce l ls i m mediately beyond the centra l zone d ifferentiate 
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The recent derivatives of central cel ls prol iferate once they exit the central zone,  and 

a re then recru ited in to organ pr imord ia .  The factors that i nfluence the posi t ion of 

organ  pr imordia (phyl l otaxy) are the subject of the next sect ion .  I t  appears some 

aspect of the progression out of the central zone through the peripheral zone i nd uces 

o rgan  formation in the absence of any other  stimu l i .  The nature of the lateral o rgan 

formed depends on the identity of the meristem .  Apices that have been cu l tured in 

vitro i l l u strate that the sub-apical port ion of the p lant i s  not requ i red for organ 

formation  (Steeves 1 989) .  Of particu lar i nterest here are the recent experiments of  

Re inhardt  et al. (2000) with vegetat ive tomato meristems that were cultured i n  the 

presence of the auxin transport i nhib itor N-1 -naphthy lpha lamic ac id (NPA) . The 

res u lt ing apices grew as long 'pi ns'  wi th an apparently normal  ap ica l  meristem at  

the i r  summit , and n o  l ateral o rgans .  Apices could be cultured to the extent that  they 

contained no prev ious pattern of leaf pr imord ia  o r  sub-apical  tissue .  Once these 

a pices were transfe rred to a medium lacking N PA, leaf pr imordia arose i n  a ran dom 

phy l l otaxy, i n  the absence of any predetermined pattern , o r  sub-apical t issues. The 

random phyllotaxy a/ways stab i lised to the n o rma l  tomato sp i ra l  pattern, and th is 

observat ion serves to i l lustrate an important facet of phy l lotaxy: the i nf luence of  

exist ing l eaf pr imord ia  upon the posit ion ing of  new pr imord ia .  

1 .5 .  I n it iation  of latera l organs 

1 .5a. S im i la rity of  lateral organ i n itiatio n  

T h e  types o f  lateral organs produced b y  shoot meri stems has been d iversi fied d uring  

the  course of evolut ion .  Molecu la r  studies ind icate that A, B and C group flo ra l  

ident ity genes are necessary for f loral organ identity: i n  abc tr iple mutants aI / l ateral 

o rgans  develop i nto leaf l i ke structures (Bowman 1 99 1 ) .  Ferns do not produce 

flowers ,  do  not appear to contai n  the specific MADS-box genes that are i nvolved with 
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flowering  (MOnster 1 997) . It appears that the commitment of a lateral organ to i ts 

identity as  a flo ra l  o rgan ,  rather than a leaf, occurs after the events of i n it iat ion ,  s ince 

flo ra l  o rgan  pr imord ia  develop leaf- l ike organs when sh ifted back to vegetative 

i nductive condit ions  (Batty 1 984) . Floral organs appear to have evolved by a 

m od i ficati o n  of exist ing l eaf i n it iat ion mechan isms,  and would therefore be expected 

to share some fundamental mechan isms.  

The n ext two sect ions wi l l  be concerned with the i n i t iat ion of l ateral organs ,  fi rstly a 

d iscuss ion of the factors that determine the posit ions of lateral organ i n it iat io n  

(Sect i on  1 . Sb) ,  a n d  then a d iscussion of t h e  phenomena associated with organ 

i n it iat ion per se ,  and some early events i n  the process of  leaf different iat ion (Sect ion 

1 . 5c) .  Although much of  the research i n  th is area has exami ned the i n it iati on  of 

vegetat ive leaves, homologous mechan isms are probab ly i nvolved i n  the i n it iat ion of 

othe r  l ateral o rgans .  

1 .5b. P hy l l otaxy: specificat ion of organ posit ion 
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The precise arrangements of phyl lotaxy have insp i red  mathematic ians to produce 

models to account  for the various  spat ia l  and vo lume relat ionsh ips w ithi n  the 

meristem (e.g .  R ichards 1 95 1 , Jean 1 989) .  An important find ing of these stud ies is 

that volume relat ionsh ips produce more cons istent models than surface areas 

(R ichards  1 95 1 ) .  The correct posit ion ing of latera l organs i s  i nt imately connected with 

meristem fun ct ion ,  part icularly the d imens ions of the meristem.  The maize abphyl1 

mutant, for example has  wider mer istem, and p roduces leaves in oppos ite pa i rs 

(decussate phyl lotaxy) rather than the usua l  d i st ichous  phyl lotaxy of ma ize (Jackson 

1 999) .  S im i larly sho 1,  sh02 and sh03 mutants of r ice,  produce wider and flatter 

meristems that are h ighly var iable i n  shape,  and develop malfo rmed leaves i n  a 

random phyl lotaxy ( I toh 2000).  Arabidopsis clavata m utan ts develop fasc iated 

meristems and produce many more leaves and flowers (Clark 1 995) .  

Surg ica l  stud ies have ind icated that  the posit ion  of a n ew organ i ni t ia l  i s  i nfluenced by 

its proximity to older pr imord ia  (Snow 1 93 1 ) ,  specifi cal ly ,  that exist ing pr imordia 

i n h ib i t  the i n i tiat ion of a new pr imord ia  in thei r  prox imity . The l ateral i nh ib i t ion of leaf 

p rimord ia  has g iven rise to the fie ld theory of pri mord ia  posit ion i ng (Snow 1 93 1 , 

Ward law 1 949) .  Presumably, morphogenet ic  grad ients mediate the rad ia l  pos i t ion ing 

of  leaf  pr imord ia .  The nature of  the repress ing morphogen i s  unknown, a l though 

auxin i s  a cand idate (see below).  Mutants that show a ltered phyl lotaxy as  the result 

of en larged meristems probab ly do so because the rati o  of the d iffus ion or 
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degradat ion of the lateral i nhi b itor is not in accordance with the extra vo lume of the 

meristem .  The trans ient connection between the central and periphera l  symp/ast ic 

doma ins  observed in  b i rch SAMs that occurs at the start of a plastochron is  a clue to 

some rad ia l  communication i n  the SAM at this stage (Rinne 1 998) . 

M utants of the maize te 1 also mi5-regu late the posit ions of leaf pr imord ia ,  both i n  the 

long i tud ina l  wi th regard to the d ivergence ang le ,  although  the d imens ions of the 

meri stem appear  to be unchanged (Veit 1 998) . The te 1 expression pattern and 

m utant phenotype wi l l  be further d iscussed in  Sectio n  1 .6 .  

A t  least two phytohormones have been imp l icated i n  the control o f  phy l lotaxy . 

Appl icat ions of exogenous auxin i s  able to induce o rgan  formatio n  and result  i n  

changes i n  phy l lotaxy that rema in  for several phytomers (Schwa b e  1 97 1 , 

Meicemheimer 1 98 1 ) .  The cu lture of tomato meristems in  the presence of the aux in  

transport i nh i bitor N PA has shed more l ight on  the  role  of auxin (Reinhardt 2000) . 

Meristems that were cultured i n  the presence of the i nh ib itor grew as extended 

l eafless 'p in- l ike '  structures. The a pp l icat ion of exogenous auxin to the summit of  

such p ins  n o  with no  subtend ing  l eaves resulted i n  leaf i nit iation at a s i te below the 

apex in  the rad ia l  d imensio n ,  but constant d istance from the apex i rrespective of  the 

quan tity of auxin app l ied .  S ince there were n o  subtend ing  leaves the meristem itself 

must mediate the longitudina l  posit ion ing .  I t  appears that aux in  inf luences the rad ia l  

pos it ion ing of pr imord ia .  

G ibbere l l i ns  (GA3) have a lso been imp l icated i n  some aspects of meristem 

organisat ion .  The appl icatio n  of exogenous GA3 to ax i llary meristems of the ivy 

Hedera helix resu lts in a stab le revers ion  of phy l lotaxy from the adu lt sp i ra l  pattern to 

the j uveni le d ist ichous a rrangement ( Marc 1 99 1 ) .  An examinat ion of the apical 

meristem by Marc et al. ( 1 99 1 ) ind icated that the GA3 treatment i ncreased both the 

radia l  and the long itudina l  d imens ions of the ap ica l  dome. The d i st ichous 

arrangement of leaves formed o n  such meristems appears to resu l t  from an 

i ncreased l ong itud ina l  d isp lacement of meristems from the summit of the apex. The 

i nvolvement of G ibberel l i ns  i s  a lso imp l icated by the find ing that over-expression  of 

the rice OSH1 gene in tobacco resu lts in reduced levels of g ibbere l in  (Kusaba 1 998) .  
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The fiel d  theory assumes that d iffus ib le morphogens determine the pattern of 

phyl l otaxy . An a lternative proposal  is  that b iophysical  factors gene rate pattern 

(Green 1 996) . This hypothesis states that the regu lar  posit ion ing of pr imord ia  is the 

resu l t  of regu la r  patterns of tens ion imposed due to corpus cel l  turgor  upon the 

tun ica .  Whi l e  models based on materia l  science pred ict that th is theory is  p laus ib le 

(Green 1 996) , it is u nc lear how tens ion i s  transducer i nto a pr imordia i n it iatio n  

stimu lus .  Expansin gene expression  is  upregu lated i n  t h e  sites o f  i n ci pient  leaf 

pr imord i a  (Re inhardt 1 998) ,  but i t  has not yet been shown to be i nduced by tens ion .  

Appl i cat ion o f  exogenous EXPANS I N  prote in t o  tomato apices induced the first 

stages of pr imord ia  i n it iat ion but the resul t ing apices d id  not continue  to develop 

(F leming 1 997) , imp ly ing  that EXPAN S I N  i s  necessary but  not  suffic ient for 

primord i um i n it iati on .  

1 .5c. Leaf i n itiation  a n d  acquisition of  identity 
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Once a popu lat ion of ce l ls  is induced to a lter its deve lopmental course  to that of a 

leaf a variety of developmental events occur. C lona l  ana lys is had ind i cated that of the 

order of 1 00 cel l s  are involved at the t ime of recruitment,  depend ing  o n  the species 

(Steeves 1 989) .  S urg ica l  studies ind icate that the fate of primordia cel l s  is  

determ ined before any morpholog ical  changes are v is ib le  (Snow 1 93 1 , Wardlaw 

1 949) . The first morpho log ical  s ign of pr imord ia  development i s  a relaxat io n  i s  the 

p lanes of cel l  d iv is ion i n  the tun ica cel l  l ayers which i s  associated wi th a reore intati on  

o f  cort ica l  m icrotubu les ;  t he  frequency o f  d iv is ion i ncreases on l y  trans iently (Lyndon 

1 983) .  The promord ia  cel l s  then en large ;  expansin mRNA is expressed i n  inc ip ient 

pri mo rd i a  (Reinhardt 1 998) . Observat ions of cel l  en largement at inc ip ient p rimord ia  

s ites of  gamma- i rrad iated seedl i ngs  i ndicate that cel l  en largement occurs i rrespective 

of ce l l  d iv is ions ( Foard 1 97 1 ) ,  so expansin expressi o n  may be a very early event. 

Other  mo lecu lar  events associated with the s ites of i nc ipient pr imord ia  are the 

d ownregul at io n  of KN1- l ike homeobox gene expression in  maize (Jacks on 1 994) , 

and i n  Arabidopsis a n  increase i n  AINTEGUMENTA, YABBY3 and FILAMENTOUS 

FLO WER expression  (E l l i ot 1 996 ;  Seigfreid 1 999) . 

Once primord ia are i n i tiated they beg i n  to d ifferentiate i n  the dorsa-ventra l ,  l ateral ,  

and prox imal/distal axes.  This d ifferent iat ion i s  a g radua l  process, that seems to 

i nvolve d ifferent processes in  d ifferent d imensions (reviewed in S inha  1 999,  Foster 

2000) .  The process requ i res commun icat ion between the SAM and the pr imord ia ,  

s ince surg ica l  i nc is ions between young pr imordia and the  SAM can resu l t  i n  leaves 

without dorso-ventra l patterni ng  (Sussex 1 955 ,  Snow 1 959) .  The do rsoven tra l pattern  
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appears to be mediated in  part b y  Y ABBY genes,  and t o  be l in ked t o  meristem 

propagatio n  ( Bowma n  2000) .  A number of maize mutants have shown that the 

d eterm in at ion  of latera l fate occurs qu ite early i n  maize, perhaps concurrent with the 

wave of recruitment i nto leaf pr imord ia  state that extends a round the apical  dome 

fro m  the midr ib  precursor cel l s  (reviewed in  Foster 2000) There are a number of pea 

mutants that d isp lay homeoti c  transfo rmations of the port ions of compound leaves, 

i nd icat in g  that domain-specificat ion processes occur in leaves (Marx 1 987) . 

1 .6 .  A n  i ntrodu ction to the terminal ear1 gene and  homologous 

p lant  g enes 

1 . 6a.  The  terminal ear1 gene of  maize 

The terminal ear1 m utant of maize appears to be i nvolved  with the p rocess of leaf 

i n it iat ion .  The first maize plant carry ing a te 1 mutant was o rig ina l ly identified in  1 957  

( Mathews 1 974) .  From the  outset t he  authors recogn ised i t  was  a va luab le research 

too l .  N i n e  recessive mutant a l le les have now been recovered from a variety of 

sources (Tab le  2 . 1 ) , a l l  of  which appear to be loss-of-fun ct ion a l le les (see Chapter 2 

D iscuss ion ) .  Mutant p lants have both a short stature and more leaves (Mathews 

1 974,  Vei t  1 998) .  I nternode shorten ing varies considerab ly  with genet ic background ,  

and the lengths of successive i nternodes withi n  a particu lar  p lan t  a ppear to  be  

random ,  g iv ing the  i mpression of  a d isordered deve lopmental  process (N  Alvarez, 

unpub l ished data ) .  Other features of the mutant  phenotype  that may or  may not 

occur i nclude d isordered rad ia l  posit ion ing of l eaves so that phy l lotaxy may become 

approximately sp i ra l ,  pattern defects i n  leaves, and part ia l  fem in isati o n  of  the tassel .  

Tassel fem in isat ion has been anecdotal l y  associated with short statu re ,  a n d  i s  

p robab ly a secondary effect of the shortened stature s ince i nflo rescence sex i s  

posit ive ly  correlated  with the length of the pr imary shoot i n  maize�teosinte F2 

popu lat ions ( Ooebley 1 99 1 ) . The remai nder of the mutant phenotype clearly ind icates 

that the te 1 gene fun ct ions to control some aspect of the posit ion ing of leaf primord ia .  

The te 1 gene was c loned and found to encode a putative RNA b ind ing prote in with 

three RNA recogn it ion motifs (RRMs) (Veit 1 998) .  The most s im i lar  gene at the t ime 

was the Schizosaccharomyces pombe gene Mei2 which i s  requ i red for both pre

me iot ic D NA synthesis and meiosis I ,  and whose l oca l i sat ion to the n ucleus dur ing 

meios is  is dependant on  a specific RNA species ( reviewed in  Ohno 1 999,  see a lso 

Chapter 3 .  Discussion) .  A la rge n umber of p lant Mei2� l ike genes have been 
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discovered s ince that t ime. These genes are introduced in the next section ,  and 

described more fu l ly in  Chapter 3 .  
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In situ hybridisat ion experiments have revealed that te 1 transcripts are present i n  

both pre- and post embryonic vegetative shoot meristems i n  semicircular r i ngs  of 

cel l s  that l atera l ly oppose the positions  of leaf pr imord ia  (Vei t  1 998, N Alvarez, 

unpubl ished data) .  This data , combined with the u nconstra ined posit ions of  l eaf 

pri mordia in te 1 mutants , has lead to a model where in  the te 1 gene acts to repress or  

de l im i t  the posit ions of leaf primord ia .  The downregu lat ion of knotted 1 (kn 1) transcript 

that i s  associated with the first stages of l eaf pr imordia occur h igher up on  the ap ical  

dome i n  te 1 m utan ts (Veit 1 998), and mutant l eaves a re n arrower and shorter than 

normal leaves , suggesting that they have formed from fewer founder cel ls ( N  Alvarez 

unpubl ished data) . 

1 .6b .  P la nt homolog ues of the terminal ear1 gene:  Mei2- l i ke genes 

The maize te 1 gene belongs to a fami ly of RRM genes referred to here as Mei2-l i ke 

genes .  Chapter 3 o f  th is  thesis compi les a s igni ficant amount of  unpub l ished data  

obtained from sequences databases, and n o  formal descriptio n  has  yet been 

pub l ished .  Whi le  Mei2 was cloned from the fiss ion yeast S. pombe the vast majori ty 

of Mei2- l ike genes are present i n  p lants.  No  Mei2- l i ke genes have been identified i n  

any  an imal phyla ,  o r  i n  prokaryotes. There a re over 30 putative p lant  Mei2- I ike 

genes ,  the completed Arabidopsis genome conta ins  7 such genes. Mei2- l i ke prote ins  

conta in  three RNA recogn it ion m otifs, the th i rd of wh ich i s  h igh ly d i st inctive and 

appear  to con ta in  some u nique structu res not present i n  RRM protei ns  whose 

structures have been solved (Chapter 3 . ) .  Very l itt le fun ct iona l  ana lysis of p lant Mei2-

l i ke genes has been publ ished to date. H i rayama et aJ. ( 1 997) described the c lon ing 

of a n  Arabidopsis cDNA, AML 1 (fjrabidopsis Mei2-1i ke 1 )  by its ab i l ity to rescue a 

meios is-defic ient pheromone receptor mutant of S. pombe. The genes d isrupted i n  

t h i s  stra in  act upstream of Mei2, so i t  i s  l i kely that t he  AML 1 protei n  was  ab le  to 

m im ic ME I2  in vivo. The Arabidopsis Mei2-l i ke genes are beg inn i ng to be 

characterised i n  the Vei t  laboratory, p re lim inary data i n dicates: 

Arabidopsis Mei2- l ike genes faH i nto two classes the te 1- l ike g roup ,  and the 

AML 1- l ike group .  

Arabidopsis Mei2-l ike genes are expressed i n  t h e  shoot apical meristem a n d  

i n  develop ing embryos, a l though t h e  specifi c  domains d iffer. 
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Since s ing le mutants have no obvious phenotype, Mei2- l ike genes may act 

redundantly. 

Arabidopsis Mei2-l ike genes act in a co-ord in ated fash ion  to control some 

aspects of  meristem maintenance, l ateral organ  specificat io n ,  and/or 

emb ryogenesis .  
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There is currently n o  biochemical data ava i lab le o n  any of the p lant Mei2- l ike genes.  

I t  appears that p lant Mei2- l ike proteins  b ind R NA, s ince the RNA b ind ing  domains a re 

the on ly u n iversa l ly conserved reg ions of the peptide  sequences (Chapter 3 ) .  The 

b iochemical  activity of the S. pombe gene is  becoming  wel l  understood ;  th is data is 

reviewed br iefly i n  Sect ion 1 . 7c, and more extens ively in Chapter 3. 

1.7 RNA recogn i tion motif prote ins  

1 .7 a  Or ig ins and structu res o f  RNA recogn it ion m otif proteins  

Amino  acid sequence analysis has  ind icated that t he  putative te t translati o n  product 

conta i ns  three R NA recogn it ion motifs l (RRM) (see Chapter 3) . RRM prote ins  b ind  to 

RNA with h igh sequence specificity, and a lso exibit n on-specific RNA b ind i ng .  A la rge 

n umber of p rote ins containing between one  and  fou r  RRM domains have been 

identified i n  eukaryotes (B i rney 1 993) ;  the Pfam database of protei n  fami l ies contai ns  

over 1 800 RRM prote ins .  An  analys is o f  t he  motif by  B i rney et at. ( 1 993) provided a 

comprehensive survey of the sequence motifs and i nd icated that there are two sub

motifs ,  R N P-2 and RNP-1 , that can be recogn ised with in the sequence. 

The structures of several RRM domains have been solved (Al la in  2000, Conte 2000, 

Crowder  1 999 ,  Oeo 1 999,  I noue 1 999 ,  Kranz 1 999 ,  Nagata 1 999 ,  Wang 200 1 , Xu 

1 997) .  Al l  RRM domains consist of  a four stranded anti-para l le l  � sheet with two a. 

hel ices that contact the � sheet o n  one face.  A comparison of the structure of seven 

RRM domains ind icated that the length and orientat ion  of the � sheet and the a. h el ix  

i s  very h igh ly conserved, and  that the on ly  var iable port ions of the structure a re the 

loops between these elements (F igure 1 .  

3) (thi s  comparison was produced by S Maore at Massey University) .  

I RNA recogn ition motifs are a lso referred to as the R NA b inding domain (RB D ) ,  and also the 
RNP consensus-sequence domain ( R N P-CS). 
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These variab le loops have been found to be a major component of the specificity of 

RRM domains  (Shamoo 1 995) .  Structural ana lysis of RRM protei ns  in complex with 

their RNA substrates ind icates that the motif forms a variety of hydrogen bonds and 

stacking in teractions  w i th  the RNA (Handa 1 999 ,  Oubridge 1 994) . Aromatic and 

charged residues with i n  the RNP sub-motifs i nc lude the res idues that form 

i nteract ions with RNA. 
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Figure 1 .2 RRM overlay 
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I n d ividua l  R R M  domains  a re separated by flexib le l i n kers so that the RRM folds a re 

essentia l l y  i ndependent of one another (Shamoo 1 995 ,  Crowder 1 999 ) .  The extent of 

the p rote in  requ i red for specific R NA binding varies. Some prote ins  requ i re more than 

one doma in ,  o r  act as homodimers , others seem to b ind RNA with j ust one doma in .  

Fo r  example,  t he  two RRM m otifs of human h n R N P  A 1 prote in  show d ifferent b ind ing 

specificity's in vitro tha n  combined action of the two domains in  the fu l l  l ength prote in  

( Burd 1 994) . I n  contrast, the  S.  pombe ME I2  prote in reta ins  normal R NA b ind ing 

specif icity and fun cti on ,  with only the th ird RRM (Watanabe 1 997) . The b ind ing 

s pecifi city's of  RRM domains are made more complex by induced fit mechan isms.  

B oth the conformat ions of RNA, and the relative posit ions of RRM domains with 

respect to each other are altered with substrate b ind ing (Shamoo 1 995 ) .  For 

exa mple ,  the relative conformation of the Drosophila S EX-LETHAL p roteins two R R M  

doma ins  change with the b ind ing o f  the R NA target ( Handa 1 999) . 

1 .7 b  F unctions of RNA recognit ion motif p rote ins 

RRM prote ins  are i nvolved i n  a wide variety of cellu la r  funct ions i n  p lants involv ing 

the p rocessing of R NA. This i ncludes sp l ic ing ,  polyadenylat ion ,  transport ,  trans lat ion ,  

as  we l l  as t he  regu lated alternatives o f  these processes, such as  trans lat ional  

regu lat ion and a lternative sp l ic ing (Alba 1 998) .  A wide variety of RRM prote ins a re 

known to regulate development i n  eukaryotes ( Bandz iu l i s  1 989) .  A complex and wel l  

stud ied example in  an imals i s  the Drosophila S EX-LETHAL prote in .  Th is protei n  

reg u lates the sex specific a lternative sp l ic ing o f  both its own mRNA a n d  the 

transformer transcr ipt i nfluencing sp l ice s ite selection .  The protei n  also regu lates the 

tran slat ion of the transformer m R NA, and the RRM domains have been shown to be 

involved i n  protein : p rotein i nteractions (McKeown 1 992,  Gebauer 1 997) . The 

Arabidopsis FCA prote in  conta ins  two RRM domains and contro ls  flowering  t ime 

(MacKnight 1 997) .  The FCA transcript is  a lternative ly spl iced, and may bind to its 

own 5' untrans lated reg ion (MacKnight 1 997 ,  R MacKnight pers . comm. ) .  As yet the 

mechan ism of alternative spl ic ing i s  not known. 

1 .  lc B iochemica l  funct ion of the S. pombe MEI2 p rote in  

I n it ia l  tBLASTn searches ind icated that t he  prote in most s imi lar  to TE1 was  S.  pombe 

M E I 2 .  The M E I 2  prote in  is requ i red for pre-meiotic D NA synthesis and meiosis I 

(Watanabe 1 994) . During  meiosis I ,  the protei n  moves from a un iform cytop lasmiC 

d istribut ion to a specific locati o n  i n  the n ucleo lus (Yamashi ta 1 998) .  Th is local isat ion 
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i s  dependent upon the association of the M E I 2  prote in with specifi c  n on-trans lated 

R NA The function of the MEJ2 prote in  is regu lated by phosphory latio n ,  although 

phosphory lation  does not affect its RNA b ind ing activity, 

The M E I 2  p rote in has been studied intensively ( reviewed in Ohno 1 999) ,  A deta i led 

descriptio n  of the b iochemical  and functiona l  activity of the ME I2  protei n  i s  presented 

in the D iscussion of Chapter 3, 

1 .8 .  A ims of th is p roject 

The current state of knowledge of the te 1 gene when this project began  inc luded the 

express ion pattern , mutant phenotype, and the posit ion of three of the mutations  i n  

te 1 mutant a l le les (Veit 1 998) ,  T h e  most s im i la r  gene t o  te 1 was the S ,  pombe gene 

Mei2 - n o  potential p lant homologs had been identified,  

Th is project a imed to further characterise te 1 gene and its activity at several leve ls ,  

Mo lecu lar  genetic aspects of  the gene were stud ied w i th  the a im of  understand ing 

the genomic  structure of  the norma l  gene ,  and the nature of  the n ine m utant  a l le les ,  

A more comprehens ive analysis of the expression of the gene sought to extend our 

understand ing of the structures that the gene may i nfluence (Chapter 2 ) ,  The 

b iochemica l  function of the TE i prote in  had n ot been ana lysed , and th is  project 

a imed to study the fun ction of the protei n  in vitro (Chapter 4 ) ,  S ince the fun ction  of 

the gene was on ly  u nderstood from l oss-of-fun ct ion mutant a l leles i n  maizEJ ' a 

ga in-of-functio n  phenotype was investigated by expressing the gene i n  Arabidopsis 

(Chapter 5) ,  Chapter d iscusses a n  in silica analysis of the Mei2- l ike gene fami ly ,  

1 .9 .  Data produced by other researchers 

This thesis d iscusses ,  a substantia l amount of data that by other members of the Veit 

g roup  at Massey U n iversity ,  A large number  of mater ia ls were obta ined or produced 

by B ruce Veit i nc lud ing te 1 genomic and cDNA subclones,  and te 1 m utant l ines ,  

C armef G ifman assisted with sequenc ing of the te 1 genomic sequence (Sect ion 

2 , 1 0) , and produced the pSBET: te 1-BamHI expression vector that was most 

successful in producing the TE 1 prote in  i n  E coli (Sectio n  4 ,8 ) ,  and produced the 

TEL2-g l ucicort icoid receptor fus ion  vector and transformed it i nto Arabidopsis 

(Sectio n  5 ,2 ) ,  Nena Alvarez conducted a morphological  analys is of the te 1 - 1  mutant, 

and produced in situ hybridisat ion data for the Arabidopsis Mei2-l i ke genes TEL 1 ,  
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TEL2 .  and A ML 1. Verno n  Tra inor c loned the TEL 1 and TEL2 cDNAs (discussed i n  

Chapter 3 )  a n d  produced TEL2 :GFP the fus ion p lants. 
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C hapter 2. Molecular genetic analysis of le 1 

C HA PTER 2 :  MOL EC U LA R  G E N ETIC 

A N A LYSIS OF T H E  TERMINAL EAR1 G E N E  

OF MAIZE 

2. 1 .  ABSTRACT 

The genomic  sequence of the te 1 gene i s  presented showing intron/exon structure. 

Leve ls of the te 1 transcript were quantified in embryo ,  SAM ,  tassel , ear ,  l eaf and root 

t issues of n ormal p lants by competitive RT-PCR.  An a nalys is of a col l ection of n i ne 

m utan t  te1 a! le les by  Southern b lotting and PCR i s  p resented. 5' RACE was used to 

p red ict the posit ion of the transcription start s ite of the gene,  but these results were 

inconsistent. 
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M ET H O DS 

2.2 Genera l  E. coli methods 

2.2a.  G rowth of E. coli 

Liqu id  E. coli cu ltures were g rown in Luria-Bertan i  Medi um ( 1  % bacto-tryptone, 0 . 5% 

yeast extract, 1 % NaC I  pH7 .0) (LB) a t  3rC,  shak ing a t  200rpm. So l i d  LB  media i n  petri 

d ishes contained 1 . 5% agar. Antib iot ics used in med ia  were fi lter ster i l ised and added 

after a utociaving the media. A common shorthand for ant ib iot ic concentrat ions i n  a l l  

media  is  used  i n  th i s  thesis ,  the  ant ib iot ic is  l i sted with a superscript ind icati ng  the 

concentrat ion i n  iJ-g/ml .  

G lycerol stocks were prepared by adding 0 .2  m l  of steri l e  g lycerol to 0 .8  m l  of  stationary 

phase l i qu id culture, vortexing ,  and freezing  in l iqu id  n itrogen.  Glycerol stocks were 

stored at -80°C. 

2 .2b. P reparatio n  of heat shock-competent cel ls 

Al l  mater ia ls used with bacteria cu ltures were either baked (g lassware) , o r  treated with 

0 . 1 M HC I  overnight then rinsed in steri l e  M i l l i-Q water to remove traces of vectors .  A 

stationary phase 2 m l  of  LB  culture was used to inocu late 250 m l  of L B  in a 1 L conical  

flask .  Th is culture was g rown at 3rC,  shak ing at 200 rpm u nt i l  mid log phase. C u ltures 

were then ch i l led on ice in  flasks for an hour .  Cel ls  were harvested by centrifugat ion at 

1 000 xg for 1 5  m inutes at 4°C ,  and resuspended in 80 ml of ch i l led FB buffer ( 1 00 m M  

K C I ,  50 m M  CaCI2 .2H20,  1 0% (w/v) g lycerol 1 0  m M  potass ium acetate, pH6.2) .  Ce l ls  

were d is pensed i n  50-250 /AI a l iquots into ster i le 1 . 8 m l  m icrocentrifuge  tubes, froze n  in  

l iqu id  n itrogen and stored at  -80°C. 

2.2c. Transformatio n  of E. coli by heat shock 

Al iquots of cel l s  were thawed on ice and d ispensed i nto ster i le 1 . 8 m l  microcentrifuge 

tubes. The transforming D NA was gently m ixed with the cel ls , and they were incu bated 

on ice for 1 0  m inutes. Cel ls  were heat shocked at 42°C for 30 to 60 seconds  I then 0 . 5  m l  

of LB  was immediately added. Cel ls were i ncubated for 1 h o u r  at 3 r C ,  a n d  2 5 0  �d was 

I The optimal t ime for heat shock was determi ned empi rical ly .  
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p lated o nto LB p lates conta in ing the appropriate anti b i otic. The rema inder was stored at 

4°C and plated as requ i red. 

2.2d. P reparatio n  of e lectrocompetent cel ls 

250 ml cultures were grown to m id  log phase and harvested as descr ibed for heat-shock 

competent cel ls (Secti on  2 .2a . ) . C ells were washed twice by resuspens ion in  500 ml of 

ice cold ster i le  M i l l i-Q water and harvest ing by centrifugation  at 2 000 xg for 1 0  m i nutes 

at 4°C.  Ce l l s  were then resuspended in 2S0 ml of ice cold ster i le 1 0% g lycerol and 

harvested as above. F ina l l y  cel l s  were resuspended i n  0 .6  m l  of i ce  co ld steri le  1 0% 

g lycerol , d ispensed i n  50 !-Cl a l iquots i nto ster i le Eppendorf tubes (Eppendorf tubes) , and 

frozen i n  l i qu id  nitrogen .  Competent cel ls were stored at -80°C .  

2 .2e.  Tra n sformatio n  o f  E. coli b y  e lectroporatio n  

Al iquots ( 5 0  !-Cl) o f  cel l s  were thawed on ice.  A sample of the transforming D NA n ot 

exceeding 2 !J.I vo lume was m ixed w ith the cel ls .  Ce l l-DNA m ixtures were transferred to 

ice co ld 2 m l  electroporation cuvettes with a 2mm e lectrode gap (Equ iB io  Ltd ) ,  and  

incubated o n  ice for 10  m inutes. Cuvettes were pulsed in  a B iorad GenePu lser 

e lectroporatio n  device with the parameters recommended by Biorad  for E. coli (25 !J.F 

capacitance,  2 .S  kV potentia l ,  200 D resi stance) .  The cells were immediately 

resu spended in SOO !J. I of LB and transferred to a ster i l e  Eppendorf tube. Ce l l s  were 

incubated for 1 hour  at 3rC,  and 250 !J.I was p lated onto L B  p lates contain ing the 

appropri ate ant ib iotic. The remainder  was stored at 4°C and p lated as  requ i red . 

2 .2f. A lka l i ne  lysis of E. co l i  

This  method was conducted essent ia l ly  as described in  Samb rook ( 1 989) . A SO m l  LB 

culture g rown overn ight with the a ppropriate a nt ib iot ics was harvested by centrifug at ion 

at 6 000 xg for 1 5  minutes at 4°C.  The pel let was resuspended in 1 ml  of Solut ion I (50 

m M  g lucose, 25  m M  Tris-HCI  pH8 .0 ,  1 0  mM E DTA) . 1 00 �d of Fresh ly  p repared 1 0  

mg/ml lysozyme i n  1 0  mM Tris-HCI  pHB .O  was added and mixed. 2 m l  of fresh ly  

prepared So lut ion 1 1  (0 .2  N NaOH,  1 % SOS)  was added and m ixed by gent le i nvers ion ,  

and the tube was stored at  room temperature for S m inutes .  1 . S m l  of So lut ion I I I  (5  m l  of 

5 M potass ium acetate, 1 1 . S ml of g lac ia l  acetic  acid ,  28 .S  ml  of M i l l i-Q water) was 

added and the tube was mixed by shaki ng .  The tube was stored on  ice for 1 0  m inutes , 
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and  then centrifuged at 2 000 xg for 30 minutes at 4°C . The supernatant was removed, 

pour ing it through cheesecloth wet with isopropano l  into a new tube,  tak ing care to avoid 

i nclud ing  any white precipitate with the supernatant. 0.6 volumes of isopropano l  was 

added to the supernatant, m ixed wel l ,  and stored at roo m  temperature for 1 0  m i nutes. 

N ucle ic acids were recovered by centrifugat ion at 3 000 xg for 1 5  m i nutes at room 

temperature. The supernatant was removed , the pel let washed with 80% ethano l ,  and 

resuspended i n  0 . 5  m l  of TE i 0/1 ( 1 0 mM Tris-HCI ,  1 m M  EDTA, pH  8 . 0) .  D NA samples 

were extracted with Tris-HCI pH  7.5 saturated pheno l :SEVAG ( 1 : 1 ) , and then with 

ch loroform . S EVAG contains isoamyl a lcohol : ch lo rform (1 : 24) .  Extracted samples were 

p rec ipitated with 1 /1 Oth volumes of 3 M NaOAc and 2 . 5  vo lumes of ethano l ,  r insed with 

80% ethano l ,  and resuspended in 50 �I TE1  0/1 conta in ing  1 �I of 1 0mg/ml RNase A. 

2 .2g .  Lysis of E. coli by bo i l i ng  usi n g  STET buffer 

This method was conducted essential ly as described i n  Sambrook ( 1 989) . A colony from 

a bacteria l  p late was spread with a steri l e  toothpick onto an  area of approximately 1 /8th 

of a p late of LB contai n i ng the appropriate ant ib iot ics ,  and a l lowed to g row at 3rC 

overnight .  The bacteria l  cel ls were scraped from the surface of the p late with a ster i le 

toothpick,  and m ixed w ith 350 �I of STET buffer(0 . 1  M NaC I ,  1 0m M  Tris-HC I  pHB, 1 m M  

EDTA, 5% Triton X- 1 00) i n  a steri le Eppendorf tube. 2 5  (A-I o f  freshly p repared 1 0mg/ml 

lysozyme in 1 0  mM Tris pHB .O  was added, and mixed. Tubes were centrifuged at 1 2  000 

xg for 1 0  m i nutes at room temperature .  The pel let of cel lu lar  debris was removed with a 

steri l e  toothpick.  1 90 �I of 7 . 5  M N H40Ac and 570 �I of isopropanol  was added, m ixed 

and the tubes stored for  5 m in utes at room temperature. The tube was centrifuged at  

maximum speed (20 000 xg)  at 4°C for 5 m inutes. The supernatant was removed , and 

the pel let washed by centrifugat ion for 1 m inute i n  80% ethano l .  The pel let was a i r  d ried 

and resuspended in 2 0  (A-J  of TE 1 0J1  conta in ing  1 �tI of 1 0mg/ml RNase A. 

2.3 Genera l  DNA methods 

2.3a .  Quantificatio n  of DNA and RNA 

N ucle ic acids were quantified e i ther by spectrophotometry, or by agarose gel  

e lectrophoresis and sta i n i ng with eth id ium bromide.  For spectrophotometry 

quant ifi cation ,  DNNRNA was d i l uted and d ispensed into quartz cuvettes .  Absorbance 
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read ings at 260 and 280 nm wavelength l ight were recorded .  The quantity of  D NA was 

calcu lated accord ing the formula C = 00260 X 50 x 0 for doub le stranded D NA, and C = 

0 0260 X 40 x 0 for RNA, where C is DNA/RNA in fAg/ml ,  0 i s  d i lut ion factor. 260/280 

ratios  were used as an i ndication of purity, read ings of 1 . B were ind icated relatively  pure 

D NA samples ,  readings of 1 . 9 to 2 .0  were expected for RNA samples.  

To q uantify D NA/RNA by electrophoresis gels were sta i ned with eth id i um bromide and 

compared by eye to the known masses of particular  fragments in m ol ecu lar  weig ht 

markers accord ing to the i r  molar ratios ,  either le Hindl l !  digest or 1 00 bp  ladder 

(Mo lecu lar  Weight Marker X IV, Roche) for D NA, and 0 .24-9 . 5  kb  RNA ladder (Gibco 

B RL) for R NA. For  example,  a 2 1 1 ng load ing of le Hindl l !  contains  1 00 ng of the 23  kb  

fragment ,  and  25 ng of the 9 .4  kb  fragment. 

2.3b. E lectrophoresis of DNA 

DNA was e lectrophoresed i n  0 . 8  to 2 .5% TAE (40 m M  Tris-acetate , 1 m M  E DTA 

(pHB .O) )  ge ls with 250 ng of 1 00bp l adder (Roche) and/or 2 1 1 ng of a le Hindl l l  d igest as 

molecu lar  weight markers. Gels were sta ined in eth id ium bromide,  and  v isual ised with 

e ithe r  a n  I S 1  000 D igital l maging System (Alpha  Innotech Corp . ) ,  or an Ultra lum 

I ntegrating CCO Camera (U ltralu m  I nc . ) .  

2.3c .  Sta nd ard peR Reaction Protocol 
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Most PCR react ions described in th is thesis used very s im i lar  cond it ions ,  vary ing on ly i n  

pr imers used ,  certa i n  variables of  the PCR p rogram (anneal ing temperature ,  n u m ber  o f  

cycles and extens ion t ime) ,  and  the template(s) .  Standard conditi ons  and  p rocedu res are 

described here, special  cases referred to where appropriate. Standard reactions were 

performed i n  50 �tI fina l  vo lume conta in ing a fina l  concentrat ion of 1 x PCR buffer ( 1 0  m M  

Tris-HC I  pH8 .3 ,  50  m M  KCI ,  1 . 5 m M  MgCI2)  (Roche) ,  1 x P C R  Enhancer So lut ion (G ibco 

BRL) ,  400 pM of each primer, 250 fAM of each deoxynucleot ide triphosphate (Roche) 

(250 fAM d NTPs) ,  and 2.5 un its of Taq polymerase (Roche) . ' Hot start' reactions were 

standard ;  Taq polymerase was excluded fro m  the i n it ia l  react ion mix of 40 !J,I vo lume,  a 

1 0  fAl vo lume enzyme mix conta in ing 1 x  PCR buffer and 2 . 5  un its of Taq polymerase 

was added to each tube during the fi rst 95°C denaturat ion step .  

Most  PCR p rogram s  a re described by a common formu la  DJTaxNe(L) , where Ta  denotes 

the annea l ing temperature ,  Ne ind icates the number of cycles ,  and (L)  i s  an opt iona l  
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parameter that ind icates a long extens ion t ime (see Append ix  2 for a more deta i led 

descript ion ) .  E ither an  MJ Research PTC-200 D NA Eng ine ,  an  MJ Research PCT 1 50 

M i ni cycyc ler  were used i n  most cases. 

2 .3d .  Co lony PCR 
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For rapid screening of E. coli transformants a steri le toothpick was touched to the cOlony 

and streaked onto an  LB plate with the appropriate antib iot ic ,  and then the smal l  quant i ty 

of bacteria adher ing to the toothp ick were mixed with a PCR react ion  m ix  of 40 �tI 

vol ume (conta i n i ng  a l l  reagents except Taq polymerase, see Sectio n  2 . 3c) . A PCR 

react ion  was then  conducted accord ing to  standard PCR protoco l .  

2.3e.  Genera l  scheme for vector construct ion  

I n  gene ra l ,  s u bc lon ing  avoided the  use of PCR.  Both the  clon i ng vector, and the  vector 

conta i n i ng  the ' insert' DNA, to be cloned were d igested with the appropri ate restricti on  

enzyme.  Where there was potent ia l  for the  vector to  se l f  l igate, the  vector was 

phosphatased using a heat lab i le  alkal ine phosphatase (TsAP,  G ibco BRL), fol lowed by 

a lkal i ne  phosphatase deactivatio n  as recommended by the manufacturer. Vector a nd 

insert were electrophoresed i n  0 . 8  to 1 .0% agarose TAE ge ls ,  ge ls were sta i ned with 

eth i d i um b ro mide,  and the des i red fragments were cut from the gel with a steri le  scalpel 

b lade .  D NA was extracted from gel  s l ices with Concert gel  extract kits (G ibco BRL) as 

recom mended by the manufacturer. 

L igat ion  react ions were set up based on the pr inc ip les described i n  Sambrook ( 1 989) , 

and  were usually allowed to proceed overnight at roo m  temperatu re .  L igat ions  were 

tran sformed i n to DH5a cel l s  by heat shock (Sect ion 2 . 2e) .  Well separated colon ies were 

re-streaked onto LB p lates with the appropriate ant ib iot ic ,  and p lasmid D NA isolated 

us ing  STET buffer (Section  2 .2g) . Constructs were verified by restricti on  d igests that 

i nd icated both the presence of the i nsert , and where necessary,  the o rientation .  Where 

prote i n  fus ions were des ired, vector-cDNA junction was sequenced as described i n  

Sect i on  2 .4c.  
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2 .4  Seq uenc ing  of te1 genomic c lone 

2.4a. Genera l  scheme of project 

This work was carried out i n  col laboration  with Bruce Veit and Carmel G i lman .  Bruce 

Veit c loned the or ig ina l  genomic fragment, and produced the subc!ones apart from DJ22 . 

Dan ie l  Jeffares and Carmel  G i lman produced most of the sequence equa l ly ,  and 

compi led and corrected the reads. 

A 1 2 . 4  kb  Kpnl genomic c lone contain ing the te 1 gene was o btained by screen ing  a 

genomic  l i b rary (Veit 1 998) . Al l sequence posit ions a re numbered from the 5' Kpn l  s ite 

u nless stated otherwise. This construct had been analysed by restricti on  d igesti o n  and 

s u bc loned into pB luescriptSK+ (Stratagene) (subc!ones are described in Append ix  5 ) .  

These subclones were used as templates for automatic sequencing us ing ABI  PR ISM ™ 

Dye Terminator Cycle Sequencing Ready React ion k its (Perkin E lmer) , which were 

e lectrophoresed and  analysed on a n  Appl ied B iosystems 373A DNA Sequencing 

System by the Mas sey U niversity Sequence Analysis Faci l ity. 

At fi rst M 1 3  forward and reverse primers, and a variety of pr imers that had been 

produced to the te 1 cDNA were used as sequencing pr imers .  Furthe r  primers, the TG 

pr imer series (see Append ix 1 ) , were designed as requ i red. Pr imer posit ions a re l isted i n  

Appendix 1 . , and the posit ions of the assembled sequencing reads i s  shown i n  Appendix 

4 .  

2.4b.  Construct ion o f  5 '  e n d  genomic subc lone 

One further subclone was constructed from the  vector pBV306 (which conta i ns  the  most 

5'  Bam H I  fragment of the orig i na l  1 2 .4  kb genomic c lone) to fac i l itate sequencing of the 

5 '  reg i on .  The 639 bp Xba l  fragment of pBV306 was c loned into pB luescriptSK+ using 

standards protocols to create pDJ22.  Th is Xbal fragment corresponds to the reg ion  from 

441 bp to 1 080 bp of the completed sequence.  

2.4c.  Sequencing reactions 

Plasmids to be used for sequencing were extracted fro m  E. coli DH5a with Concert 

M i n i prep p lasmid kits as recommended by the manufactu rer, except that p lasmid was 

e luted from the co lumn in  30 [11 of ster i le M i ! l i-Q 'M (M i l l i pore) water and stored at -20°C. 
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Sequencing react ions were p repared to 1 0 �d vol u me and contained 200-500 ng of 

p lasmid ,  1 . 6 �I  of 1 �M o l igonucleotide pr imer and 4 �t I  of either Big Dye Terminator 

Ready React ion  Mix ( Perkin E lmer) , or  for GC-rich reg ions that proved d ifficu l t  to 

sequence, 4 �I  of the dGTP Ready Reacti on  Mix. Thermocycl ing of the dye-termi nat ion 

p rodu cts used the AUTOSEQ program; 25  cycles of 96°C for 1 0  seconds ,  50°C for 5 

seconds ,  60°C for 4 minutes , after which react ions were he ld at 4°C .  Temperature 

ramp ing  was l imited to 1 °C/second .  
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P roducts were p urified by ethano l  precip itation .  The react ion vo lume was increased to 20 

�tI w i th  M i l l i-Q water and transferred to  1 . 8 m l  microcentrifuge tubes, 2 �I of  3 M sod ium 

acetate (NaOAc) pH5 .2  and then 50 �d of  ethano l  was added .  Tubes were incubated on 

ice for 5 m inutes and centrifuged at  maximum speed (20 800 xg) for 1 5  m inutes at 4°C 

i n  a n  Eppendorf 541 7R microcentrifuge.  The supernatant was removed and 700 �tl of  

80% ethano l  was added ,  tubes were aga in  centrifuged at maximum speed (20 000 xg) 

for 1 5  m inutes at 4°C, The 80% ethano l  was removed and the tube was a l l owed to d ry .  

Produ ct were stored d ry a t  -20°C u nt i l  e lectrophoresis by the  Massey U niversity 

Sequence Ana lysis Faci l ity , 

2.4d. Assem b ly of sequence fi les 

Al l  sequence fi les were ed ited and assembled i nto cont igs with the Wiscons in  Package 

Vers ion  9 , 1  (Genetics Computer G roup) using the Fragment Assembly System series of 

programs .  Where possible, amb igu it ies in the sequence was resolved by compari ng  the 

e lectrophoretograms produ ced from mu lt ip le  react ions of the region  concerned,  th is  

i ncl uded other sources of  sequence such as  the pub l i shed te 1 cDNA sequence a n d  

e lectrophoretograms from 5 'RACE sequ en ces (described i n  Sect ion 2 .6) .  I ntron-exon 

posit ions  were estab l ished with the GCG program Gap. The Gap output was exa mined 

by eye for monocotyledon consensus sp l ice s ite sequences (S impson 1 996) . 

2.5  Genera l  RNA methodology 

2 .5a .  P recautions to avoid RNase conta m in ati o n  

Solut ions used for RNA work were not used for any other purpose, and  were a /ways 

hand led w ith g loves. Al l  so lut ions,  except those conta i n i ng pr imary amines (such as 
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Tris) ,  were treated with diethy lpyrocarbonate ( DEPC) or d imethyl pyrocarbonate (DMPC) 

(S igma) pr ior to use. D EPCIDMPC to 0 1 % by volume was added to so lut ions in  baked 

bott les ,  bottles were shaken for a m in imum of two hours at 3rC, then autoclaved twice.  

The pH  of crit ical so lut ions was checked , and readjusted after treatment  with 

DMPC/DEPC,  The e lectrode used with the pH meter was treated with 50 mN NaOH for 

1 0  m i nutes, then r insed with steri l e  M i l l i -Q water prior to use with RNase-free so l ut ions .  

So lut ions  that  cou ld  not be treated with DMPC/DEPC (such as Tris) or  cou ld  n ot be 

autoclaved (such as SOS) were prepared from new conta iners set as ide for R NA work 

us ing ster i le M i l l i-Q water and baked g lassware. 
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Mi l l i -Q water that had been col lected d i rectly from the M i l l_QTM apparatus, and 

autoclaved i n  baked bottles was found to be free of R Nases. A l l  g lassware used for R NA 

work was baked overn ight at approximately 1 60°C ,  a l l  p lastics were either new, o r  

treated overn ight i n  0 . 3% H202 (Andrew I ndustria l  Ltd . ) .  

2 .5b .  D Nase treatment of RNA preparations .  

Two buffers were used for DNase I treatment of  R NA samples. A M n  D Nase buffer (fi na l  

conce ntrat ion 1 mM MnCI2 , 20  m M  Tris-HC I  pH  7 . 3) ,  and  a Mg DNase buffer (5 mM 

MgCb,  20 mM Tris-HCI  pH 7 .3 ) .  I n  both cases the R NA sample was incubated for 30 

m i nutes at 3rC i n  DNase reactio n  cocktai l s  conta in ing ,  1 x DNase buffer, 1 mM OTT, 40 

u n its of R Nase I n h ib itor (Roche) and 1 un it of DNase I ( Roche) . The DNase I e nzyme 

was then i nactivated by incu bation  at 75°C for 5 m inutes. Neither of these condit ions 

degraded RNA, the Mn buffer was preferred2 

2.6 5' Rapid ampl ification of c DNA ends (5' RAC E) 

2.6a .  S u mmary of 5' RACE method 

The m ethod of 5' RACE a l lows c lon ing of the term ina l  5' end of transcripts (see Schaefer 

1 995 for review) . The procedure is summarised in F igure 2 . 1 .  

2 DNase I cleaves faster with Mn cofactors, and p roduces b lunt  ended products. With a Mg 
cofactor D N ase I produces random-length overhangs which can be amplified by peR (Bauer 
1 994) 
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2.Gb.  S pec ia l  p recaut ions for 5'RACE experiments 

Fi lter t ips were used to prepare R NA extracts , and for a l l  subsequent steps of 5 'RACE . 

Because contaminat ion of samples with was observed i n  several experiments, 

auto p ipette barrels  were washed with hot water, and then with 80% ethano l  pr ior to use. 

Benches were wiped period ica l ly with 0 . 0 1  M HC I ,  and then with water. Trays u sed to 

ho ld m icrocentrifuge tubes and PCR tubes were period ica l ly soaked overnight in 0 . 1  M 

HCI ,  and r insed with water. These trays were not used with tubes conta in i ng  p iasmids o r  

the produ cts o f  P C R  reactions .  
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1 .  Reverse transcription 
::irst strand cDNA IS  
3ynthesised from polyA+ 
llR NA 

2. Sy nthesis of 
homopolym e r  ta i l  
Termina l  transferase adds 
:lA TP to ends of fi rst strand 
:DNA. 

3. Second strand cDNA 
synthesis 
PolyT of ANCHORT16V 
pr imer anneals to polyA 
sequence. ANCHOR is 
attached . 

4. Primary PCR 
ANCHOR primes at one end , 
gene specific DJ201  pr imer at 
other end 

5. Secondary 
semi-nested PCR 
DJ203 pr imer adds 
more specificity to the 
PCR reaction 

cONA RACE-RT primer 

" .. " "  .. " " " . ,, " " ,, . ,, " " " "  If "  .. ..  1i[I .. ..  " .. ..  " . " " " " " " " " " " " " " " " " " " " " " " "  11 " " " " " " " " " ,, " " " " " " " "  11 " " " " " " " " " " "  11 "  1 

5 target te 1 mRNA 3 

terminal  
transferase 
enzyme 

I 
.. 

Cleanup of RT 
reaction products to 
remove dNTPs 

+---� (fu l l  length) cDNA 
AAAAAAAAA ________________________________ __ 

ANCHORT'6V primer 

second strand cONA synthesis a nneals with T'6V 
leaves ANCHOR 
sequence overhang. 

AAAAA� ______________________________ __ 

ANCHOR primer 

OJ20 1 primer 

ANCHOR primer 

OJ203 primer 

F i g u re 2 . 1 . Overview of the 5' RACE protoco l .  The ma in  steps of the 5' RAC E  protocol u sed 
are 1 )  reverse tran scri pt ion primed with a gene spec i fi c  o l i gonuc leot ide pr imer, RACE-RT, 2)  
synthes is  of a homopo lymer ta i l  (dATP i n  th is  case) to the first stra n d  c D NA with termi na l  
tran sferase ,  3 )  second strand cDNA synthesis with a ch imeric ANC H O R  T1 6V pr imer, 4)  primary 
PCR with ANCHOR pr imer and DJ201  gene specif ic pr imer,  5 )  secondary PCR with ANC H O R  
pr imer and  a DJ203 gene specific primer, which i s  u pstream o f  DJ20 1 . 
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2.6c. Extractio n  of polyA+ RNA d i rect from tissue Iysates 

Al l  so lut ions were freshly prepared and ch i l led on ice before use.  200 [.1.g of Oynabeads 

O l igo(dThs (Oyna l )  were equ i l ibrated in  lys is/b ind ing buffer ( 1 00 mM Tris-HCI  pH8 .0 ,  500 

mM L iC ! .  1 0  mM E OTA, 1 % SDS, 5 mM OTT) by co l lect ing the beads with a magn et ic 

part ic le  co l lector (MPC) ,  and resuspend ing them i n  200 �tI of lysi s/b i nd i ng  buffer at least 

twice ,  or unt i l  the pH  of the buffer removed was 8 . 0. 

Approximately 1 00 mg of t issue was ground to a fine  powder i n  l i qu id n it rogen with a 

baked mortar  and pestle (see results for part icu lars of t issues used i n  each experiment) . 

As soon as the l i qu id n itrogen had evaporated , but before the g round t issue had thawed ,  

i t  was scooped i nto  another baked mortar conta in i ng  1 m l  of lys is/b ind i ng buffer, and 

g round  aga in  to  m ix. The lysate was then p i  petted i nto a ster i le m icrofuge tube and 

stored o n  ice unt i l  the remain ing samples had been ground .  Lysates that  were 

part i cu lar ly v iscous were sheared by passing them through a 1 2  gauge needle several 

t imes. A l l  samples were then centrifuged at 20 800 xg at 4°C for 2 m in utes to pe l let 

i nso lub le  m ateria l .  

The supernatant  was  added to  the washed beads, gent ly m ixed , and incubated for 3-5 

m inutes at roo m  temperature. The beads were then washed in the fol lowi ng  so lut ions by 

immob i l i s i ng  them with the MPC,  removing  the supernatant and add ing the n ew soluti on :  

beads were washed twice i n  500 [.1. 1  of  wash buffer ( 1 0  m M  Tris-HC I  pH  8 . 0 ,  1 50 mM 

L iC I ,  1 m M  E OTA) , then three t imes with wash buffer contai n i ng 0 . 1  % SOS.  RNA was 

e luted from beads by addi t ion of 30 [.1.1 of 1 0  mM Tris-HC I  pH  8 .0 that had been p re

heated to 65°C, gentle resuspension of  the beads, and i ncubat ion at 65°C for 2 m i nutes . 

F ina l l y , the beads were captured with the MPC ,  and the supernatant removed to 

another tube.  An a l iquot of the RNA was quant ified by spectrophotometry ( 1 . 0 
absorbence at 260 nm wavelength is 40 [.1.g/ml) , the rema inder was stored at -80°C .  

Dynabeads were regenerated between re-use b y  resuspend ing  the beads i n  200 [.1.1 of 

0 . 1  M NaOH ,  m ix ing , and incu bat ing at 65°C for 2 minutes. Beads were recovered in the 

MPC for at least 30 seconds ,  and the supernatant was removed . Beads were washed 

twi ce more i n  th is  way. Beads were washed th ree t imes i n  200 [.1.1 of  storage buffer (250 
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m M  Tris-HC I  pH8 .0 ,  20 mM EDTA, 0 . 1  % Tween 20 , 0 .02 % sodium azide) .  Beads were 

stored in 200 �I of storage buffer at 4°C between uses. 

2 .6d .  S u itab i l ity of RNA samples for 5' RACE. 

There were two criteri,? that RNA samples were requ i red to sati sfy before use i n  any 5'  

RACE experi ment; they must not contai n  contaminat ing DNA, and they must n ot be 

degraded . 

S3 

A P C R  assay was used to exclude the possib i l ity that any fin a l  products were the resu l t  

of PCR ampl ificat ion of genomic D NA in  the RNA sample .  A PCR react ion conducted 

accord ing  to the standard PCR react ion protocol described in Section  2 .3c us ing the 

primers TG4 and TE 1 5  (positions 3064 and 4694 respectively) , and p rogra m  DJ60x45L 

(see Appendix 2 for description of thermocyc l ing condit ions) with a 2 : 00 min ute 

extens ion t ime produced a c lear product fro m  50 pg ( approx imately 1 6  hap lo id 

genomes) of maize genomic DNA. To estab l ish that polyA+ R NA preps that  were to be 

used for 5 'RACE were free of genomic DNA, 1 00ng  of the RNA sample was requ i red to 

produce no product when used as a template for th is reaction .  A positive contro l  of 50 pg 

of ma ize genomic DNA was a lways inc luded. S ince i n it ia l  polyA+ R NA samples p repared 

w i th  Dynabeads were found to  be contaminated w i th  genomic  DNA by th is  assay, 

samples were rout ine ly treated with D N ase I (Sect ion  2 .5b) using the Mn buffer ,  before 

use in 5 'RACE experiments. 

To estab l is h  tha t  R NA samples were n ot degraded during extraction  or DNase I 

treatment,  RNA was examined by northern b lott ing (Sect ion 2 .8 ) .  S in ce the te 1 transcript 

itself was d i fficu l t  to detect by northern b lotting ,  membranes were pro bed with a u biquit in 

c D NA (Christensen 1 992) , as described i n  Section  2 .8c.  A discrete band was taken as 

a n  i nd icat ion that the RNA was not degraded . 

2.6e.  Reverse transcri ption reaction for 5' RACE 

PolyA+ RNA was reverse transcribed in  30 to 40 �tI vo lume using Moloney Murine 

Leukemia Virus (MuML V) reverse transcriptase ( Expand Reverse Transcriptase, Roche) 

pr imed with the RAC E-RT primer (see Appendix 2) . 1 00 ng of polyA+ R NA prepared with 

Dyn a beads (Sect ion 2 .6c) was denatured in 20 ).11 vo lume conta in ing 1 0 �M RACE-RT 

pr imer, 1 x Expand Reverse Transcriptase buffer (50 m M  Tris, 40 mM KCI ,  5 mM MgCb) 

( Roche) , 1 0  mM OTT, and 40 un its of RNase I nh i bitor (Roche) by heat ing to 75°C for 5 

m inutes ,  and then cooled to 45-48°C before reverse transcription .  A reverse transcriptio n  
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cocktai l  of 20 �d vo lume conta in ing  of 1 x Expand Reverse Transcri ptase buffer ,  1 0  m M  

DTT, and  40 un its o f  RNase I nh i bitor ( Roche) , 500 �tM d NTPs a n d  25 un its o f  MuMLV 

(Expand Reve rse Transcriptase, Roche) was then added, and the reverse transcripti on  

react ion  was  a l l owed to  proceed for 30 minutes a t  45-48°C .  Note that t he  fina l  

concentrat ion of  d NTPs was 250 �tM , and RAC E-RT was 5 �lM .  
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The R NA-cDNA hybrids were then denatured at 95°C for 2 minutes, and reactions  were 

incubated at 3rc with 2 �d of 2 mg/ml D Nase free R Nase A. Samples of reverse 

transcri pt io n  react ions were sto red at  -20°C .  To remove excess n ucleotides from the RT 

react ion  products so that the subsequent ta i l i ng  react ion  product wou ld be a 

homo polymer ,  samples were purified using Conce rt PCR Extract ion Kits (G ibco BRL) ,  as 

recommended by the manufacturer  except that the cDNA was el uted in 30-50 �d of 

ster i le M i l l i-Q water. 

2 .6f. Synthesis of homopolymer ta i l .  

Since the te 1 genomic sequence i s  rel atively GC rich ,  d A  T P  was used a s  the substrate 

for the term ina l  t ransferase ('ta i l i ng ') reaction .  An important variat ion in the 5'  RAC E  

protocol  was the buffer used for the termina l  transferase react ion ;  i n it ia l  experiments 

used the buffer suppl ied with the Termina l  Transferase enzyme (fina l  concentratio n  200 

�lM potass ium cacodylate ,  25 mM KCI, ?5  mM Tris-HC I  pH 6 .6 ,  25 �lg/ml bovin e  serum 

a lbumin )  ( Roche) ,  l ater experiments used the Roche PCR buffer (fi na l  concentrat ion 20 

mM Tris-HC I  pH8 .4 ,  50 mM KCI ,  1 . 5 mM MgCb). The PCR buffer was preferred to the 

buffer suppl ied with the Termina l  Transferase (TdT) enzyme (see d iscussion Sect ion 

2 . 1 1 ) . Tai l i ng  react ions were set u p  i n  2 0  �I vo lume and  conta ined between 1 /5th and 

1 /1 ih  of the purified RT react ion product .  Reaction  cockta i ls contained either 1 x Roche 

PCR buffer o r  1 x  TdT buffer, 200 �M dATP and 5 un its of TdT enzyme. A thermocyc l ing 

program was produced that a l lowed to the react ion proceed for 1 0  m inutes at 3rC,  and 

were then stopped the reactio n  by incu bat ion at 65°C for 1 5  minutes. 

2 .6g .  Second strand cDNA synthesis and  pr imary peR React ion 

Second strand cDNA synthesis occurred in  'Stage l '  of the RACE7 PCR program ,  

fo l lowed by pr imary PCR dur ing 'Stage 2 '  o f  t he  PCR p rogram RACE7 (see Append ix  2 

for a fu l l  description  of the thermocycl i ng  cond itions) . Stage 1 conta ined on ly the 
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ANCH O RT1 6V, the ANCHOR primer and DJ201 primer were added at the start of  Stage 

2 .  

The  ta i l i ng  react ion product (5  �d) was added to  a 30 f..l l PCR cockta i l  with a fina l  

concentration  of  1 x PCR buffer ( 1 0 mM Tris-HCI  pH8 .3 ,  50  mM KCI ,  1 . 5 mM MgCI2) 

(Roche) , 1 x PCR Enhancer so lut ion (Gibco BRL) ,  250 �lM dNTPs and 1 25 n M  

ANCHORT16V. A Taq mix contain i ng 1 x  PCR buffer a n d  2 .5  un its o f  Taq (Roche) was 

added at 95°C, after the first 98°C denaturation .  

Either the RACE6 ,  or  the RACE7 PCR programs (Appendix 2 . )  were run unt i l  the first 

95°C denaturation of Stage 2 ,  when 1 0 �d of pr imer cocktai l  conta in ing  1 x PCR buffer, 2 

�lM ANCHOR primer and 2 f..lM DJ201 primer was added. The fina l  concentrations  

ANCHOR and  DJ201 primers were 400  nM as per a standard PCR reaction  (Sectio n  

2 .3c) .  

2.6h.  Secondary semi-nested peR react ion .  

Secondary semi-nested PCR react ions used the ANCHOR 5' pr imer and the DJ203 3' 

pr imer wh ich is 66 bp upstream of the DJ201 primer used for primary PCR (Sect ion  

2 .6g) . 0 .5  f..l l  or  5 �d  of the primary PCR products as templates i n  a standard PCR 

reactio n  protocol (Section2 .3c) us ing  the  pr imers ANCHOR and  DJ203,  the  program 

DJ68x35 with a 1 : 00 minute extens ion t ime.  The posi t ions of a l l  pr imers used i n  5 '  RACE 

are shown i n  F igure 2 . 3 . 

2 .7  Quantification  of tet transcripts by competitive RT-PCR 

2.7a .  Summary of competitive RT-PCR procedu re .  

Total RNA was extracted from a variety of normal maize t issues and examined for 

contam ination , equal  load ing ,  and absence of degradation .  Suitable RNA samples were 

reverse tran scribed us ing a polydT primer. To control for variab i l ity between samples i n  

t h e  reverse transcript ion a n d  PCR react ions ,  a known quantity o f  an  a ltered synthetic te 1 

transcript was added to each RNA sample pr ior to reverse transcription . This a ltered 

synthetic transcri pt was d ifferentiated from n ative transcripts by the absence of a 8g/1 1 

restrictio n  s ite. A PCR react ion was used to ampl ify both native and synthetic te 1 cDNAs 

us ing a primer set that does not ampl ify DNA derived from maize genomic DNA. PCR 

products were cu t  with 8gll 1 and e lectrophoresed with conditions that a l lowed the native 
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produ cts (cut with 8gll l )  to be d istingu ished from the synthetic produ cts (not cut with 

8gll l ) .  

2.7b.  Extractio n  of tota l R N A  with Qiagen R Neasy P lant  M in i  Kit 

The fol lowing  t issues were used for RNA extract ion ,  a l l  are from p lants of normal  B73 

i nbred ;  

1 .  ent ire embryos col lected 2 1  days after fert i l isat ion 

2 .  SAM-e nriched t issue col lected 20 days after germ inat ion (see note below) 

3 .  early  tassels of  approximately 1 cm in  length col lected 70 days after germinat ion 

4 .  late tassels of approximately 2 c m  i n  length col l ected 9 5  days after germinat ion 

5 .  ears of approx imately 2 cm i n  length col lected 95 days after germ inat ion  

6 .  root t ips compris ing the d ista l  1 c m  of roots . 

SAM-en riched t issue consists of  the extreme u pper region  of the cu lm (approx imately 

0 .5  cm) and the shoot apex covered by several young leaves. Several samples from a 

populat ion were d issected, and the meristems examined with a d issecting  m icroscope 

before col lect ion .  The maize i nflorescence meristem is  easi ly dist in gu ishable from a 

vegetative meristem ,  on ly popu lat ions showing exclus ively vegetative SAM morphology 

a re col lected . Al l  t issue was d issected d i rectly i nto l iqu id n itrogen ,  and stored at -800G . 

Approximately 0 . 1  g of t issue  was g round in  l iqu id  n itrogen to a fin e  powder i n  baked 

mortars and RNA was extracted using the RNeasy P lant M i n i  Kit (Qiagen) ,  accord i ng  to 

the manufacturers i nstructions  using the supp l ied guad in ium isoth i ocyanate lysis buffer 

("RCL B uffer" ) .  RNA was eluted from the colu m n  i n  60 �tl of RNase-free M i l l i-Q water, 

and stored at -80oG in four  1 5  �I a l iquots. S ince the yield of RNA from tassels was 

approximately 1 /3rd that of al l other t issues, R NA was also extracted from tassels us ing 

the acid guad in ium th iocyanate-phenol-chloroform RNA extract ion p rotocol described 

below. 

2.7c. Acid g uad in ium thiocyanate RNA extraction methods 

This protocol was modified from Ghomczynski ( 1 987) . Approximately 1 g of t issue was 

g ro u nd u nder l iqu id n itroge n  to a fine  powder in a baked pestle. As soon as the l iqu id  

n itrogen had evaporated , but  before the g round  t issue had thawed , i t  was scooped i nto 

another baked mortar conta in ing  5 ml of guad i n i um denatur ing so lut ion (5 M guad in ium 

th iocyanate (S igma ,  S igmaUltra g rade), 25 m M  tri-sod ium citrate (BOH,  GPR grade) , 1 % 
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N-Iauroylsarcos ine (S igma,  S igmaUltra g rade) , 0 1 % 2-mercaptoethanol (2-ME) (BOH ,  

99%) ,  1 . 75 m M  d iethyl  d i th iocarbamic acid (Sigma,  S igmaUltra g rade) , 2-M E  and d iethyl 

d ith ioca rbamic acid were added immediately prior  to use. 

The lysate was then tran sferred to a new tube, and the fo l lowing reagents were added 

sequent ia l ly ;  0 .33  m l  of 3 M NaOAc pH4 .5 ,  5 m l  of water saturated pheno l  (S igma) and 

1 . 75 m l  of SEVAG (1  volume [soamyl a lcoho l  (Ajax, Analytical g rade) : 24 volumes 

ch loroform (BOH .  Ana lar  g rade» , m ix ing after each reagent. The tube was mixed by 

invers ion for 30 m inutes, then the organ ic  and aqueous phases were a l lowed to 

separate before centrifugation at 4 000 rpm for 1 0  m i nutes at roo m  temperature. 

The aqueous phase was transferred to an  RNase-free 50 m l  Oakr idge tubes (Oakridge 

tubes were soaked overn ight i n  0 . 1  M HC I  then r insed 3 t imes with ster i le M i l l i-Q water) , 

and a n  equal  vo lume of ch i l led isopropanol  was added . RNA was precipitated at -20°C 

for at l east 2 hours ,  then recovered by centrifugat ion at 2,700 xg at 4°C for 20 m inutes. 

The supernatant was removed and the pellet resuspended in 0 . 5  to 1 . 0 ml of 

resuspens ion so lut ion ( 1 0 mM Tris-HC I  pH 8 .0 ,  1 mM E OTA, 0 .2% N- Iauroylsarcos ine) 

The resuspended RNA was extracted once with water saturated pheno l :SEVAG ( 1  : 1 ) , 

and several more t imes with Tris-HCI pH  7 .5  saturated pheno l :SEVAG ( 1 : 1 ) , unt i l  the 

interface was clear. R NA was p rec ipitated at -20°C with 1 /1 oth volumes of 3M N aOAc p H  

7 . 5  a n d  1 volume of isopropano l  for severa l hours or  overnight .  

The supernatant was removed , the pel let a i r  d ried,  and resuspended i n  50- 1 00 !AI of 

ster i le M i l l i-Q water. RNA samples were quantified by spectrophotometry , typical 

260/280 nm wavelength ratios were 1 . 8-2 .0 .  In cases where RNA so lut ions were l ight  

brown coloured ,  or where 260/280 rat ios were l ower than 1 . 7 ,  RNA was precipitated 

overnight at -20°C in 2 M LiC I ,  and resuspended in half the previous volume of steri l e  

M i l l i-Q water. 

A s impl ified vers ion of th is  protocol ,  which is essent ia l ly  as described by Chomczynsk i  

( 1 987) , was used for R NA preparat ions that were i ntended for northern b lotti ng  rather 

than RT-PCR. Briefly ,  after the first isopropano l  precip itation RNA was resuspended in 

0.5 m l  of guad in ium denatur ing so lut ion ,  precip itated at roo m  temperature with 0.5 m l  of 

isopropanol ,  and col lected by centrifugat ion at 20 000 xg for 20 m in utes at 4°C. R NA 

was then resuspended i n  ster i le M i l l i-Q water. Where necessary R NA was precipitated i n  

2 M L iC l  a s  above. 
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2.7d.  S u itab i l i ty of R NA sam ples for competit ive RT·PCR 

As wi th  5' RACE ,  R NA samples were requ i red to be free of contam inat ion and not  

degraded before they were considered for competitive RT-PCR.  Samples a lso n eeded to 

be accurately quant ified so resu lts cou ld  be compared  between t issues. 

A PCR assay was used to estab l ish that RT -PCR products were not derived from 

contam inat ing D NA i n  the RNA samples.  A standard PCR react ion protocol (Sectio n  

2 . 3c) ,  except that pr imers DJ 1  0 8  and DJ1  0 9  were used at 4 000 p M  concentrat ion rather 

than 400pM, produced a clear product from 1 fg of te 1 cDNA with PCR program 

DJ66x40.To estab l ish  that RNA samples were not contaminated ,  1 �d (at least 200 n9) of 

each total R NA sample was requ i red  to produce no p rodu ct when u sed as a temp late 

us ing  these reaction  condit ions .  Th is PCR assay did not produce any d iscrete p roduct 

from 1 �tg of B73 genomic D NA RNA samples that were found to be contam inated were 

d igested with DNase I us ing the Mn DNase I buffer as described in Section  2 .5b .  

R NA was first quantified by spectrophotometry . To estab l ish  that  R NA samples were not  

degraded ,  and  to confi rm that  absolute as  wel l  as  rel at ive quantificatio n  of R NA was 

accurate, an estimated 1 �g of each sample was g lyoxylated , e lectrophoresed , and  

sta ined with eth id ium bromide with a known quantity o f  mRNA molecu lar  weight  ladder  

as  descr ibed in  Sect ion 2 .8a .  The mass of rRNA bands ,  wh ich  co mprise the bu lk  of tota l  

R NA, w a s  then compared both between samples ,  and  t o  t h e  known mass of the 

m o lecu lar  weight l adder.  

2 .7e.  Synthesis of a ltered te1 transcript 

The te 1 cDNA obta ined by Bruce Veit as a pB luescriptSK+ phagemid c lone (pBV432) 

conta i ns  a un ique 8gl1 1 restriction  enzyme s ite. This 8gll 1 site is  247 bp from the 5 '  end o f  

t h e  291 b p  PCR product produced b y  the DJ  1 OS/DJ 1 09 pr imer set S o  that a synthetic 

transcr ipt cou ld be p roduced whose RT-PCR product would lack the 8gl1 1 site it was 

removed as fol lows; 2 �g of pBV432 was l i nearised with 8gll l ,  and the overhang ing  ends 

were fi l led in  by add ing 1 un i t  of  T4 D NA polymerase ( Roche) ,  1 un i t  of Klenow enzyme 

( Roche) and  dNTPs to 1 00 �M, and i ncubat ing at  3rC for 1 h our .  H a lf this reactio n  was 

l igated with 2 . 5  un its of T4 DNA l igase (G ibco B R L) in 1 x  T4 l igase buffer  (50 mM Tris

HC I  pH 7 .6 ,  5 mM MgCI2 ,  1 mM ATP , 1 mM OTT, 5% polyethylene g lycol-8000) at  room 

tem perature overn ight .  The l igat ion react ion was then d igested aga in  with 2 un its of 8gll 1 

to remove u nwanted recircu larised products and  transformed by heat shock into D H 5a 
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cel ls .  P lasmids were isolated by the STET method ,  and  screened by Bg/f f d igest. This 

vector is referred to as pDJ 1 6 . 

A synthetic transcript was produced from pDJ 1 6  as fol l ows. 2 �lg of p DJ 1 6  was 

l i nearised with Xho l ,  which cleaves on ly i n  the pB luescriptSK+ po !y l i nker  at the 3' end of 

the te 1 cDNA To remove RNases from the l inearised p lasmid , d igestion  was extracted 

twice with Tr is-HCI  pH 7 .5  saturated pheno l ,  and once with ch loroform, and  precip itated 

overn ight with 1 /1 Oth volume of OM PC-treated 3 M NaOAc and 2 . 5  vo lumes of ethano l .  

The vector was then resuspended in  1 0 �I of ster i le M i l l i-Q water .  A 20 �I transcript ion 

rea ct io n  conta in i ng  1 x transcript ion  buffer (40 �lM Tris-HC! pH8 .0 ,  6 mM MgCI2 ,  1 0  m M  

OTT, 2 0  m M  spermid ine) ,  1 mM nucleotide triphosphates (NTPs, Roche) , 1 � g  of 

l i nea rised pOJ 1 6 , 40 un its of RNase i nhib itor (RNas in ,  Promega) ,  and 40 u nits of T3 

R NA polymerase ( Roche) was incubated for 1 hour  at 3JOC .  The pDJ 1 6  DNA temp late 

was removed from ha lf the transcr ipt ion react ion by add ing 1 0  un its of D Nase I (Roche) , 

M n  D Nase I buffer to 1 x  concentration ( 1  m M  MnC I2 , 20  m M  Tris-HCI  pH 7 . 3) ,  and  20 

un its of R Nase i nh ib itor (RNAsin ,  P romega ) ,  and incubat ion at 37°C for an hour. The 

O Nased transcriptio n  reactio n  was precip itated overn ight at -20° C  with 1 .25  �tI of 8 M 

L iC I ,  0 . 5  ,Lt! of 0 . 5M E OTA, and 75 �I of ethano l ,  and resuspended i n  20 �tI of steri l e  M i l l i 

Q water. Th e  p OJ 1 6  transcri pt was quantified by spectrophotometry, as described in  

Sectio n  2 . 6c.  A samp le  of the transcript was examined for degradation by 

electrophoresis and  eth id ium sta i n i ng as described in sectio n  2 .8a .  

2.7f. Reverse transcr ipt ion reactions for RT-peR 

RNA samples prepared with e ithe r  R Neasy k its (Sect ion 2 .7b) ,  or  the modified acid 

guad in i um th iocyanate protocol (Section 2 .7c) that had been shown to be su itable for 

RT-PC R  (Section  2 . 7d ) ,  were reverse transcribed as  fol lows . 

1 �lg of tota l  RNA derived from tissues described i n  Section  2 .7b  (embryo ,  SAM, early 

tassel ,  l ate tassel ,  ear ,  leaf, root) was denatured in 1 0 �tI vo lume with either 1 00 ,  1 0 ,  or 

1 fg of the altered synthetic te l transcript (Sect ion 2 . 7e) ,  and 1 � I  of 1 00 �M OllGOdT-20 

by heat ing for 5 m i nutes at 75°C . A tube conta i n i ng o nly the OL lGOdT-20 primer at the 

same d i lu ti on , and no synthetic transcript was i ncluded as a negative contro l .  The R NA 

was cooled to 3JOC ,  and a reverse transcript io n  mix of 1 5  �I was added to each tube to 

br ing the fina l  contents ( in  25 �I vol ume) to 1 x M u M LV reverse transcriptase buffer (50 

mM Tris, 40 mM KC! ,  5 mM MgCb) (Roche) , 1 0  mM OTT,  40 u nits of RNase I nh ib itor 
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(Roche) ,  1 m M  d NTPs.  30 un its of MuMLV reverse transcriptase (Expand Reverse 

Transcri ptase, Roche) .  The fina l  concentrat ion of the OL lGOdT-20 pr imer was 5 !AM . 

The reactio n  was a l lowed to proceed for 1 hou r  at 3rC, reactions were stored at 4 QC 

u nt i l  use i n  PCR.  This reverse transcript ion procedure was performed three t imes with 

the ful l  complement of R NA samples/contro ls (embryo , SAM ,  early tassel ,  la te tassel ,  

ear ,  l ea f, root, n o  R NA) . The volumes and solut ions were ident ica l ,  except for the l evels 

of synthet ic transcript added: 1 00 fg/tube of 1 !Ag of tota l R NA in the fi rst experiment. 1 0  

fghlg i n  the second , 1 fg/!Ag i n  the third .  

Reverse transcript ion react ions used to confirm 5 '  RACE experiments used 1 00 n g  of 

po lyA+ R NA (prepared as in Sect ion 2 .6c . )  that had been d igested with D N ase l  (Secti on  

2 . 5b) .  The  reactio n  was performed as described a bove except that 1 00 pmo l  of  random 

hexamer  pr imer was used and the reaction  was a l lowed to proceed at  42°C for 1 5  

m inutes. 

2 .7g .  Competitive PCR 

Each reverse transcriptio n  react ion product (5!A1 of the 25 !J.I total RT reaction  vol ume) 

was ampl ified i n  a 20 !J.1 PCR react ion us ing the GC-Rich PCR System (Roche) . F ina l  

reagent concentrat ions were ; 0 . 5  M beta ine ,  1 x GC-Rich PCR buffer ( inc ludes 1 . 5  mM 

MgCI2 , 5% DMS03) (Roche ) ,  4 �lM DJ 1  08 and  DJ1  09 pr imers ( 1  Ox the concentration  of  

the standard PCR react ion protocol) , 250 !J.M d NTPs , 1 un i t  of GC Rich enzyme mix 

( Roche) . Taq polymerase was excluded from the i n it ia l  reaction mix of 1 5  �tl volume,  a 5 

!AI volume enzyme mix conta in ing 1 x GC Rich PCR buffer and  0 . 5  !AI ( 1  u nit) of GC-Rich 

enzyme mix (Taq polymerase and Tgo polymerase) (Roche) was added to each tube 

dur ing the first 95°C denaturat io n  step .  A negative control sample ,  conta in ing  water, and 

a posit ive control sample conta in ing 1 fg of n at ive te 1 cDNA were a lso i nc luded. 

PCR produ cts were cut with 8g/l 1 by adding 5 � t I  of a 8g/1 1 mix conta in ing  4 u n its of 8gll 1 

(Roche) , and 1 x  restrict ion enzyme buffer H (50 m M  Tris-HCI ,  1 0  mM MgCI2 , 1 00 mM 

NaCI ,  1 mM DTE,  pH  7 . 5) (Roche) d irectly to  each PCR reaction ,  and i ncu bating for  an 

hour  at  3rC.  5 �d of samples were e lectrophoresed i n  a 2 .5% TAE gel  at 50V, stai ned 

w ith eth id ium bromide ,  and v isua l ised wi th a n  IS 1 000 D ig ita l  Imag ing System (Alpha 

I n notech Corp . ) .  

3 Roche w i l l  not release deta i ls  of this buffer. 
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2.8 .  N o rthern b lottin g  

2.8a.  E lectrophoresis of g lyoxy lated RNA. 

A 0 . 1  M sod i um  phosphate buffer (NaPS) stock was prepared by mix ing 1 M N a H2P 04 

(approximately 42 m l ) ,  and 1 M Na2HP04 (approximate ly 58 ml) u nt i l  the p H  i s  7 .0 ,  

d i lu t ing 1 :  1 0 with water to 0 . 1 M ,  and DMPC/DEPC treatment. 

RNA was glyoxylated in  a g lyoxylat ion mix conta in ing 1 M deion ised g lyoxa l (S igma) ,  

50% DMSO (Fluka M olecu lar S io logy g rade) , 1 0  mM NaPS pH7 .0  for 1 hour  a t  50°C.  

G lyoxal was deion ised as described i n  Sambrook ( 1 989) .  

The ge l  apparatus and s i l icon tub ing for a peri stalt ic pump (Cole Parmer  I n strument Co . )  

was treated with approximately 0 . 3% H202 (Andrew I ndu stria l  Ltd . )  overn ight to  

i nactivate R Nases. Molten 1 .0% agarose was prepared i n  baked g lassware i n  1 0m M  

N a P S  buffer. T o  inactivate RNases i n  the molten agarose sod ium iodoacetate (Merk

Schuchardt) to 1 0  mM concentrat ion was m ixed into the molten agarose once i t  h a d  

cooled t o  approximately 70°C. Once the agarose h a d  set ,  1 0  m M  N a P B  b uffer was 

c i rcu lated over the gel for an hour  prior to electrophoresis .  

G lyoxy lated RNA was m ixed with 1 �d of RNA load ing buffer (50% g lycero l ,  1 0  mM 

NaPS ,  0 .25 % bromophenol  b lue ,  0 . 25% xylene cyano l ,  DMPC treated) per 1 5  � t I  of 

sample and loaded onto the agarose gel , RNA was electrophoresed at 45 mA for 30 

m i nutes witho ut buffer c i rcu lat ion ,  and for approx imately 4 hours at 45 mA with v igorous 

circulat ion with the peristalt ic pump (approximately 1 50 m l/minute, total buffer vo lume 

was  1 .2 L ) .  3 /-ll o f  G ibco BRL 0 .24-9 .5 kb RNA molecu lar  weight ladder was  run i n  the 

first lane of the gel . 

The port ion of the ge l  that was to be stai ned with eth id ium bromide ( inc lud ing the 

molecu lar  we ight  marker) was cut from the remainder of the ge l  w i th  a steri le  scalpel 

b lade, those lanes that were to be transferred to a membrane were n ot sta ined with 

eth id i um bro mide. Sta in ing  was carried out i n  trays protected from l ight  with a lum in ium 

foi l ,  ge ls  were soaked for 1 0  m inutes in  50 mM NaOH,  stained for 30 m inutes i n  1 0 �lg/ml 

eth id ium bromide in 0 . 1 M ammon ium acetate ( NH40Ac) , and desta ined for 30 m inutes 

in 0 . 1  M N H40Ac. I m ages of eth id i um stai ned gels were captured under  u ltravio let l ight  

wi th a n  IS 1 000 Digital Imag ing System (Alpha  I nn otech Corp . ) ,  w i th a ru ler  i nc luded for 

molecular weight cal ibration .  
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2.8b.Tra nsfer of RNA to membranes 

RNA was transferred to posit ively charged ny lon membranes (Ny lon+ ,  Roche) with a 

downward transfe r  b lott ing stack (as described i n  Sect io n  2 . ge)  wet with O M  P C-treated 

20 x SSC (3 M NaC I ,  0 . 3M sodium citrate pH 7.0) without further treatment of the ge l .  

Stacks were usua l ly left to transfer overn ight. RNA was fixed by crossl i nk ing  with 1 20 

000 �tJ/cm2 u ltrav io let l ight  i n  a UV Stratal i nker 2400 (Stratagene) .  Membranes were 

then d ried at  roo m  temperatu re ,  sealed in a p lastic bag , and  stored at  4°C .  

2 .8c .  Synthesis of radio labe l led pro bes. 

Random-prim ed a32p d CTP l a be l led probes were synthesised from templates of either 

P C R  products (ROC 1 and Ubiquitin probes) ,  or  the ent ire te 1 cDNA cut from the vector 

and  gel purified .  

The fol lowing temp lates were used for  probes, 

a )  Ubiquitin. A peR product was synthesised from the pSKUB I  vector (Green 1 994) 

us ing a standard PCR protocol (Section  2 . 3c) , PCR program DJ55x35, M 1 3 forward and  

reverse pr imers, and  1 00 pg  of  pSKU B I  vector template. 

b) ROC1 .  A PCR product was synthesised from a vector conta in i ng  the ROC 1 cDNA 

(L ippuner 1 994) us ing a stan dard PCR protocol (Sectio n  2 . 3c), PCR program DJ55x35, 

M 1 3  forwa rd and reverse primers, and 1 00 pg of ROC 1  vector temp late. 

c) te 1. The 2 .4  kb  cONA insert c loned into pBluescri ptSK+ (pBV432) ,  was cut from the 

vector by d igest ion with restrict ion enzymes EcoRI  and  XhoL The d igest was 

e lectrophoresed,  a n d  stained as described in Sect io n  2 . 3b ,  and the i nsert was cut from 

the ge l  with a steri le  scalpel b l ade,  us ing a long wave length UV lamp to v isua l ise the 

band.  The D NA was extracted from the ge l  s l ice with a Concert Ge l  Extractions  Kit  

(G ibco BRL) ,  and e luted i n  30 [ll of steri l e  M i l l i-Q water. 

I n  each case rad io la be l led probes were synthesised as fol l ows; probe templates were 

quantified by eth id ium sta ined 1 00 ng of temp late DNA was d i l uted to 7 [ll vo lume i n  

steri l e  M i l l i-Q water, bo i led for 5 m inutes i n  a 1 . 8 m l  m icorcentrifuge tube,  then 

immed i ately ch i l led o n  ice for 5 minutes. Templates were m ixed o n  i ce with a pri ming  

react ion  m ix  to a fin a l  concentration of 75 [lM random hexamer pr imer, 375 �lM of dATP ,  

dTTP and  dGTP, 2 u nits o f  K lenow enzyme (Roche) to  a vo lume of  1 5  [ll .  F i na l l y ,  5 �d 

(50 [lC i )  of a32p dCTP (NEN Research P roducts) was added and mixed.  The react ion 
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was incubated at 3rC for 1 -2 hours .  Probes were then d i luted to 50  �t1 vo lume with 30 �d 
of ster i le M i l l i -Q water, and the un incorporated nucleotides were removed with Sephadex 

G-50 sp in  col umns  (ProbeQuant T" G-SO Micro Columns ,  Pharmaci a ) .  P robes were used 

immediately or  stored at -20°C.  

2.8d.  Hybridisatio n  of  RNA membranes. 

Al l  hybr id isat ion procedures used H202 treated hybridisat ion tubes, o r  H202 treated 

p last ic boxes.  I mmediately pr ior to pre-hybrid isation ,  RNA was de-g lyoxyl ated by treating  

the membrane with 20 mM Tris-HCI  pHS .O at  65°C for 5 m inutes .  Membranes were then 

pre-hybridi sed for an  hour i n  at least 20 m l  of C hurch/G i lbert hybri di sa ti on  b uffer (0.5 M 

N a H P 04 p H  7 . 2  [2 M NaHP 04 stock is composed of 3S.6g of Na2H P04 and  H3P04 to pH 

7 . 2] ,  7% SOS ,  1 m M  E OTA) (Church 1 984) at 65°C .  P robes were bo i led for 5 m inutes i n  

5 0 0  fA, I o f  steri l e  M i l l-Q water, ch i l led on ice for 5 m inutes, a n d  added t o  1 0  m l  o f  65°C 

C h urch/G i lbert hybrid isat ion buffer. Membranes were hybri dised overnight at  65°C . 

Membranes were washed twice i n  2 x SSC,  0 . 5% SOS i n  hybrid isati o n  tubes at 65°C,  

then twice i n  2 x SSC,  0 .5% SOS i n  boxes at roo m  temperature to rem ove excess probe. 

Stringentcy washes were perfo rmed in  0 . 1 x SSC,  0 . 1  % SOS at  65°C for 5 to 1 5  

m inutes. Membranes were sealed i n  p last ic bags before being exposed to fi lm .  

2.9 .  A nalysis of  te1 a l le les 

2.9a .  Summary of te1 a l le le ana lysis 

N ine recessive m utant a l le les of the te 1 gene had been ident ified (Table 2. 1 ) .  The exact 

posit ions of Mutator elements in the te 1-mum 1 and  te 1-mum2 a l le les ,  and  the 

approximate posit ion of the te 1-mum3 a l le le were known (Veit 1 998) .  DNA was extracted 

from homozygous mutant p lants of each a l le le (Sect ion 2 . 9b) ,  the n o rma l  873 inbred , 

and several other i nbred l ines ,  and was used for ana lys is by peR (Secti on  2 .6c) and 

S outhern b lott ing (Section  2 .6d) .  
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Table 2 .  1 te1 m utant  a l le les 

A l le le  
te 1 - 1 
te 1 -mum 1 
te 1 -m um2 
te 1 -m um3 

te 1 -mum4 

te 1-mum5 

te 1 -mum6 

te 1-mum 7 

te 1 -ems 

M utat ion by 
not known 
Mu8 element 
Mu8 element 
M utator 
element? 

M utator 
element? 
M utator 
element? 
Mutator 
element? 
M utator 
element? 
ethyl methane 
s ulfonate (EMS) 

Notes 

Mutator i nsertion after 4651  bp ,  in exon t hree. 
M utator i nsert ion after 4395 bp ,  in exon three. 
Approximate posit ion prev ious ly ident ified as 
intron 1 .  Th i s  study found  a Mu tator e lement 3' 
occurs after posit ion 40 1 7  in the te 1 genomic 
sequence .  
Prev ious nomenc lature i s  te 1 -mum4 
Prev ious nomenclature is te 1 -mum3 

S Briggs, unpub l ished .  

S Br iggs, unpubl ished .  

S Br iggs ,  unpubl ished .  

Identifed in  screen for modifiers of ligu/ess2 
L Harper,  unpub l ished . 

2.9b.  Extractio n  of maize genomic DNA 

F i lter t ips ,  and baked mortars and  pestles were used for th is  p rocedu re when D NA was 

to be used for PCR.  Al l  pheno l/SEVAG solut ions were from stocks set aside for use with 

genomic  D NA that were not used with p lasmids.  Approxim ately 1 9 of l eaf t issue was 

g ro un d  to  a fin e  powder i n  l iqu id n itrogen , and scooped i nto  a 1 5  m l  fa lcon tube 

conta i n in g  5 m l  of u rea extract ion buffer (6 . 9  M u rea ,  350 m M  NaCI ,  50  m M  Tris-HCI  

pH8.0 ,  0 .  20 mM E DTA, 1 %  N-Iauroyl sa rcos ine) and m ixed . 5 m l  of Tris-HCI p H  7 . 5  

saturated pheno l :SEVAG ( 1 : 1 )  was then added a n d  m ixed b y  i nvers ion  for 1 5  m i nutes . 

Phases were separated by centrifugat ion at 4 000 rpm for 20 m inutes at room 

temperature . The aqueous phase was removed to a new tube, and the n ucle ic acids 

were precipitated with by adding 1 !1 0th vo lume of 4 .4 M NH40Ac, and an equal vo lume 

of isopropano l  and mix ing gently. The strands of genomic D NA were spooled with a 

Pasteu r  p ipette with a hook formed under a B unsen burner  flame ,  r insed on the hook 

with 80% ethano l ,  and transferred to a 1 . 8 m l  tube.  The D NA pel let was a ir  d ried and 

res uspended in  1 00 f.ll of TE50/5 (50 mM Tris-HC I  pH7 . 5 ,  5 m M  EDTA) . 
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2.9c.  PCR a na lysis of te1 m utant a l le les 

Two types of pr imer sets were used in attempts to c lone peR products .  F i rstly ,  one of 

two pr imers (MUEND and M US EL,  see Append ix 1 . ) designed to Mutator element ends 

(facing outward) , was combined wi th  a pr imer des igned to the te 1 genomic sequence. 

Products i ndi cated the juxtaposit ion of a Mutator element and the fe 1 gene,  and these 

were cloned and sequenced . S ince the posit ion of the te 1-mum 1 a l le le  was known , th is  

a l le le  was used to estab l ish which te 1 primers and  conditions  produced products with 

M U E N D  and  M USEL primers. 

Secondly ,  pa i rs of pr imers designed to the te 1 gene were used. Any peR products 

o bta ined from te 1 mutant a l leles were compared to the product from the normal  a l le le  

(B73 i nb red l ine) .  Products that  d iffered i n  s ize from the B73 l ine were c loned and 

sequenced . Ana lysis of the cases where a pr imer pa i r  p roduced a s i ng le ,  abundant  

product from the B73 l i ne  but no  product from a mutant  l i ne  a lso served to de l ineate the 

posit ion of the les ion .  

p e R  reactions  uti l ised standard PCR react ion p rotoco l (Sect ion 2 . 3c) ,  except i n  cases 

where long (- 3 kb) peR products were expected when 2 . 5  u nits of Expand Long 

Temp late enzyme mix (Roche) and 1 x Expand Long Template buffer rep laced Taq and 

the standard PCR buffer. 1 00 ng of genomic D NA extracted as described i n  Sect io n  2 . 9b  

was  used as  templates for react ions .  Opt ima l  a nnea l ing temperatures for part icu la r  

pr imer sets were estab l ished with either te 1-mum 1 D NA (where M U E N D  and M U S E L  

pr imers were used) ,  o r  B73 i nb red D NA (where two te 1 pr ime rs were used) , these 

samples were used as  a posit ive control for subsequent reactions .  Typical peR 

programs used the  standard DJTaxNc(L) temp late described i n  Append ix 2.  with 35 to  45 

cycles,  and  1 : 00 m in  to  4 :30 extens ion t imes. Exact condit ions a re described with 

resu lts .  PCR react ion products were electrophoresed as described in Sectio n  2 . 3b .  

2 .9d .  C lon ing  and sequencing of  peR p roducts 

p e R  products were either cut from agarose ge ls ,  where the product was heterogeneous ,  

a n d  pu rified using Concert gel  extract ion kits (G ibco BRL) , o r  for homogeneous 

products,  purified d irectly from the p e R  reactio n  with Concert PCR cleanup k its (G ibco 

BRL) .  D NA was e luted in  ster i le M i l l i-Q water. PCR products were then ana lysed by 

restriction  d igests , or cloned into pGEM®-T Easy (Promega) using pGEM®-T Easy Vector 

System I (P romega) ,  accord ing to the manufacturers i nstruct ions ,  and  transformed i nto 

E. coli D H5a. by heat shock (Sectio n  2 .2e) . Tran sformants were screened by colony 
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PCR (Sectio n  2 . 3d ) ,  o r  by extract ing p lasmids us ing the STET method (Section  2 . 2g) ,  

and  ana lys is by restrict ion d igest to confi rm the insert. Once vectors with the desired 

insert had been identified they were sequenced as described in  Sect ion 2 .4c .  

2.ge. S ou thern Blott ing  with the D IG System 

66 

Samples of DNA that were to be used for Southern b lott ing were carefu l ly  quan tified by 

spectrophotometry before restrictio n  d igest ion ,  accord ing  to the formula 1 . 0 A260 = 50 

plg/ml dsDNA. 1 -2 ptg of ma ize D NA was found to be opt ima l  for detect ion of d igoxygen i n  

labe l led probes with t h e  D IG  System ( Roche) , 1 00 ng o f  Arabidopsis D NA was suffic ient .  

DNA was typica l ly d igested with S u nits of restrictio n  enzyme, and O.S pt l  o f  1 0  mg/ml 

R Nase A at the recommended temperature for the restrict ion enzyme for at least two 

hours .  When recommended temperature exceeded 3rC,  d igest ions were performed i n  

a thermocycler with a heated l i d .  

D igested DNA was e lectrophoresed in  0 . 8% TAE ge ls  at 70V overn ight i n  an  20 cm x 25  

cm ge l  tray, i n  a buffer c i rcu lati ng  ge l  apparatus (Owl AS Buffer  Puffer TM ) .  4 �d of  D IG

l abe l l ed A Hindl l d igest (Roche D NA Mo lecula r Weight  Marker 1 1 ,  D I G  l abe l led) was run 

at  both edge l anes. The ent ire ge l  was then sta ined with eth id ium bromide, and a n  

image captured a s  described i n  Sect ion 2 . 3b .  

G e l s  were soaked with gentle agitat ion twice for 1 5  m i nutes i n  500 m l  of denatur ing 

so lut ion (0 . 5  M NaOH, 1 . 5 M NaGI)  and then twice for 1 5  m inutes i n  SOO ml of 

neut ra l i sat ion solut ion (1 M Tris-HGI pH7 .2 ,  1 . 5 M NaGl ) .  The ge l  was then transferred 

o nto pos it ively charged nylon membranes (Ny lon+, Roche) by cap i l l ary transfer us ing a 

downward b lotting  stack4 us ing 20x SSG (3 M NaC I ,  0 . 3M sod ium c itrate pH 7 .0) as  the 

transfer buffer. B lotting  stacks were left to transfer overn ight ,  and then both s ides of the 

membrane were cross l inked with 1 20 000 �tJ/cm2 u lt ravio let l ight  in a UV Stratal inker 

2400 ( Stratagene) . Membranes were then dr ied at room temperature, sealed i n  a p last ic  

bag , and stored at  4°C.  

4 Downward transfer blotting stacks consisted of (from the bottom up) ;  a 1 0-1 5 cm stack of paper 
towels ,  two sheets Whatman 3MM C hromatography paper the same size as the paper towelS, 
nylon membrane, gels, four sheets of Whatman 3M paper the same size as the gel ,  a wick of two 
sheets of Whatman 3M paper that overlays the stack and feeds i nto two buffer reservoirs 
(conta in ing 1 L of 20x SSC) on either s ide of the stack, the ge l  tray, a weight of approximately 
200 g .  Al l  layers apart from the paper towels were pre-wet with 20x SSC. 
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Digox igen in pro bes were synthesised by PCR accord ing  to the standard PCR protoco l 

(Sect ion 2 .3c) except that a D IG l abel l i ng mix was used i n  p lace of d NTPs .  F ina l  

concentrat ions of  n ucleotides were 250 �lM dATP, 250 � lM dCTP,  250 �lM dGTP, 1 66 

m M  dTTP,  40 �tM D IG-dUTP. Conditions for particu lar primer sets were optimised with 

standard (non  l abel led) PCR react ions ,  and 50 to 1 00 pg of the PCR produ ct fro m  the 

opt im ised react ion  was used as templates for the labe l l ing PCR react ion .  Label led peR 

products were examined by gel  electrophoresis for qua l ity, expectations  were of a s ing le 

band of h igher  mo lecu lar  weight  than the un label led PCR product, a nd quantity by 

compar ing to a known mass of a m olecular  weight marker. 
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Membranes were pre-hybridised for an hour  i n  20 ml  of D IG Easy Hyb (Roche) at  65°C.  

Approx imately 50 ng of DIG label led probe was d i l uted i n  0 .5 m l  of steri l e  M i l l i-Q water, 

bo i led for 5 m inutes,  then i mmedi ately ch i l led on  ice for 5 m in utes . The probe was added 

to 1 0  ml of fresh D I G  Easy Hyb, and hybridised overn ight at 65°C. 

Membranes were washed twice in 2x SSC, 0 . 5% SDS in hybr id isat ion  tubes at 65°C ,  

then twice i n  2x SSC,  0 .5% SDS i n  boxes at room temperatu re to remove excess probe. 

Stringentcy washes were performed in  0 . 1 x SSC, 0. 1 % SDS at 65°C for 5 to 1 5  

m in utes .  Detect ion  of D I G  label led probes was performed as  recom mended by Roche. 

The C DP-Sta r™  substrate was used , Ant i -Digoxigen in-AP ant ibody was used at 

1 :20 000 d i lu ti on .  Membranes were exposed to fi lm  for 30 min to 2 h ours. 



------ - - - - -

Chapter 2. Molecular genetic analysis of te 1 

RES U LTS (2)  

2. 1 0 . Genomic sequence of the te1 gene 

Al l  sequence positions  are numbered from the  5 '  Kpn l s ite un less stated otherwise.  The 

8039 bp of sequence produced from the te 1 genomic clone (pBV304) is  represented on 

the fo l lowing page (F igure2 .2 ) ,  showing the posit ions of in trons ,  the three RRMs, and 

putat ive transcr ipt ion start sites. The sequence i s  shown in F igure 2 . 3 .  The te 1 gene 

conta ins  five introns ,  fou r  of which are i n  comparab le posit ions to the Arabidopsis 

ortho logs TEL 1 and TEL2 (conservat ion of i ntron structure is d iscussed i n  more deta i l  i n  

Sectio n  3 .6) .  L ike a l l  seven the Arabidopsis Mei2-l i ke genes,  te 1 h a s  a n  intron after the 

exon encod ing the abso l utely conserved IKN IPKY sequence at the N -term inus  of RNA 

recogn it ion motif three.  Most i ntrons  are of the o rder of 1 00 bp in  length , the except ion i s  

i ntron 4 ( 1 037 bp ) .  Arabidopsis Mei2- l i ke genes do no t  h ave a particu la rly long i ntro n  i n  

t he  corresponding pos it ion .  Th i s  sequence was  submitted to  Genbank, Accession 

number  AF34831 9 .  

M o nocot consensus sp l ice s ites were present at most boundaries of genomic  sequence 

and te 1 cDNA sequence, the exception  was the 5' sp l ice s ite of i ntron 3 (see Table 2 .2 ) .  

Sequenc ing react ions were at fourfol d  coverage o f  th is  reg ion ,  two i ndependent 

sequences from each of two pBV304 subclones.  

Table 2 .  2 S pl ice sites in the te1 gene 

Monocot consensus* 
i ntron 1 
i ntron 2 
i ntron 3 
intron 4 
intron 5 

5' Spice site 
(exon/intron) 
AG/GTAAGT 
CG/GTACGC 
AG/GTAAAC 
AG/GGTATC 
AAlGTGAGT 
AAlGTACTG 

3'  Spice site 
(intronl exon) 
TGCAG/GT 
CGCAG/GG 
CCTAG/GC 
CGCAG/CC 
TGCAG/CA 
CGCAG/GG 

*Abso l utely conserved n ucleotides are in bold type. Sp l ice s ite consensus fro m  S im pson 
( 1 996) . 
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fig u re :  2 . 2  te1  bar  d iagram 
one page 
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Figure 2 .3. Genomi c  sequence of the ta1 gene. 

The genomic clo n e  was obtained by Bruce Veit from a genomic l ibrary and consisted of a 1 2 . 4  k b  Kpnl 
frag ment.  This genomic s eq u ence consists of 8039 b p  of this clone, from the 5' Kpnl s ite to the Xhol s i te of 
the s u bclon e  p BV3 1 2 .  Lower case letters i n d icate that m u l t ip le  coverage did not  a c h i eve an a b s o l u t e  
c o n s e n s u s .  I U PAC symbols a r e  used for a m b i g u o u s  sequence.  The Genban k  accession o f  th is  seq u nce is  
AF348 3 1 9 .  

Wh e re the sequence is part o f  t h e  transcript .  the corresponding sequence is  s h own in b o l d .  T h e  a m i n o  acid 
codi n g  is  s h own u n d e rlY ing exons .  Exon positions are ( 1 )  297 1 -3940. 4043-421 1 ,  4297 -4783,  (4)  
4 8 9 1 - 50 1 3 , (5) 6050-6 1 9 1 , 63 1 0-7095,  The tranSCr ipt ion start s i te  predicted by 5' RACE exper iments 
( Sectio n  2 . 1 1 ) i s  at  297 1 

The positions of primers that were used for 5 RAC E (Section 2 3) ( RACE-RT, DJ20 1 ,  DJ203) are i n dicated.  

T h e  exact positions of te 1 al leles are I n dicated by triangles,  V Positions are;  te 1-mum 1 ,  465 3  b p  (exon 3)  
(Veit 1 99 8 ) :  te 1-mum2, 4396 bp (exon 3) (Veit 1 998); ta 1-mum3, 4 0 1 7 bp ( intron 1 )  

1 GGTACC C CTAATTATGGTCCCCGACAGAAATAAAGTCGAATCCGA&�GAGAGGCGAAAAC 

AATCACAAGCAAATAGAGCGGATGACACGGTGATTTGTTTTACCGAGGTTCGGTTCTTGC 

AAACC TAC T C C C C GTTGAGGTGGTCACAAAGACCGGGTCTCTTTCAACC CTTTCCCTCTC 

T C AAACGGTCACCTAGACC GAGTGAGCTTTTCTCCTTAATCAACGGGTCACTTAGACC C C  

TTACAAGGACCACCACAACTTGGTGTCTCTTGAGTTTATTACAAGTTGCT TGAGAACAAG 

AATGGAGGAAGAAGAAAAGCGATCCAAGCGACAAGAA C TCAAATGAACACAAATATCT C T  

C TC TCACTAGTTACTAAATGTTTGGAGTGATTGTGGACTTGGGAGAGGAT TTGATCTCTT 

GTTTGTGTCTTGGAGTGAAGTCTAgAGCTCTTGTATTGAATGCAATGGCTGAAAACTTGG 

ATGCCTTGAAGTGGTGGTGGTTGGGGGTATTTATAGCCCCAACCACCAAAATGGCCGTTG 

GGGAGGCTGTCTGTCGATGGGCCGCACC C GGACAGTCCGGTGnnC nGGACACTGTCTGGT 

G C G CCACCACCGTCACCC��CCGTTAGGTTCTGACGGTTTCGACCGTTGGAGCTCTGACA 
G C TGGGACCAC C AGACAGTCCGGTGGTGCACCAAgACAGTCACTGTTCAC T G T C C GGksC 

G C C T T C T GGsckGCTCTtGACTCTGCGc GC G CTGTC C GC rg cATTGT CCACGTTCACTGT 

TCACT TTTGCArACGACCGTTGGCGCAGTAG C CGGTTCGCCGGCATGGCACACTAGAGAG 

T C C GGTGCTACACCGGACAGTCCAGTGAATTATAGCAGAGTGGCTCTCCAAAAACCTGAA 

G C TGAGCAGTTCAGAGTTGATCTCCC T t GGTGCACcGGACACTGTCCGGTGGTGCACCGA 

ATAGT C CGGTG C g C cAGaCCAgGGC aAc C TTCGGTTTCTTTTGCTCCTTTCTTTTTGAaC 

C C TATC TTGGACTTTTTATTAGTTTGTGTTTGAaCC TTTGGCACCTGTAGAACTTATAAT 

C TAGAGC��CTAGTTAGTCCAATTATTTGTGTTGGgCAATTCAaCCACCAAAATCATTT 

A GgAAAAGGTTTTACC C TATTTCCCTTTCATGCATGTC T TGGTAATTCATTAAAAATGGG 

ACCGGTCGCCGTTGGCCCGGACGGTCC GTGCTCATGTGCGGATGGTCCGGACATGCGTAG 

ATCGACGAATTTATCACCGATGTGTGGAGGAGGTTGCGGTTGCCCAGGGCATGTGTCTAT 

C GACATCCCATAAAGGGGtTATAACTGGTCGTGACAACCTGTAGCCGATGAATTACACGT 

GTTTTCCCCAAATTCATCCTCGCGCG��GgAAAATTTGCACCAGTAGATTTATCAAACGC 

ACGGTACTAGCCTCCTATAATCATTTTGCATAC C C C CTATGATATTTTGCATTTGTTCTC 

GCTGTTCATCTACATAATTTTT��GAGATTATAGCTC GTTTGTGTTGCTTACCTCGGGGT 

AGTCGTGGTAGGTCGAAGTG��GTCAGATCCGTCGCCAGTTGTCGrAC GACCTTGTTATT 

C C TGTCCACC TTGAAGTTGGCCAGGAACTTTG C C TTTGCCTCTTGGATCAGCTGCTCCTT 

GTGCTCCTCGAACTGGAG CTGTTCGTCAGCCGGCAAGGTTTCC C AAGTCGACTCTATGAT 

ATTGCTGGGGGAGACTTCAGAACTATCCCTTGAATCGGCCATTGAGGGCCGATTTGATGG 

G T CTATATGTGTCGTCC CCAGCGGGGTCACCAAAAA G TGTGTTGGCGCTTTTTCTGAGTG 

C CAATCACTGCGTGAGAACCGGCGGCGGTGCTCACTGCACAG G C GCGGACGGTCCGCGGC 

CAGGGGCCGGACGGTCTGCGAC C TGGCGCAGGGCTTAGGGTTTCCTGCTTGACGGTCGGA 

CGATCC GC G C C TATAGGCCGGACGGTC CGCACGTGTGCAGGGCAGCGAAGGTCGTCGGTG 

G C G C C TGGATCTCGCTCCCGGGAGGGAC C C C GT CGGGGAGGAGAGATCCTAGGTGTTGTC 

TAGGCTTGGCAGGCCGACC TAGACT C C TATCGATATAGAGTCGAAGAGAAGCGGAGAATT 

TGGGGATTGGAAGGCTAAACTAGAACTACTCC TAAATATACAr�GAAATAAATACGAGATA 
AAC TGGTATTGATTCGATTGATGGTGTTTAATCGGTCgGTAT TC C TCTGTATTTATAGAG 
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GAGGGGGGCTGGACC CGTTACAAACATATTTTTCGAGCTAATTCTGTGAATC TAGC CAAC 

AACTATAGCAAGAAACT CAGAATTCTAACTGGTTCTGCGC GCGCAAACC G T CCGAC C C T T  

TATTTGAT G C TCACCAGAACC CTGTCTTACC AATGTATTGAAATTGATTTATGGTGAAGA 

TAGAAATC TAAAGTTGTAATT C TTAAAATAAAGCACTCCTAAACAGAACATTAATC TTTA 

TAATTGATATTCGAATATTTTAGTCC GGTAACCGAACGCCCAGTAATTTGAAGAATATGG 

T C T T TATTTGTAG CCGGCGGCATCTCGAAAAGC TAGATCTAACTCCGAAAACAAACACGC 

AAAATCTACC G GAAAAATCT C C C CAGCAAAnAAGCAGACGTGGGG C C T GTCATGTACGCA 

C GG GGCATGACTCGTGCAAGAGCAACAAGTGCTGTCGTTGCAGAGGATCC GAGCTAAAAC 

AATCCAGCACACGGCCAC TCTCGTCTCTCCTCTTC C T C C TC TTCCCTCCGTAC C G C C C G C  

C CTTCAC C TC C T C GACTCTTCTCCAC C GC C C C C TC C C T CC T C GCGTCTCT C T C C C C C T T T  

2 8 8 1  G T C C C T GTAGAGCTC CAAATAAAACC C CACCGGTTTTCTTTTCCCGCGGCAATTACCATA 

Start site predicted by RACE (GGCCC ) � DJ204 primer » 
2 9 4 1 AAAAGAGCTCCCAATCTCTCTCC TCTCTCCGGCCCCTCTCTCTCGTTTCTGGCAGCAGTG 
a 
b 
c 

K R A 

K E L 

K S S 

P N 

P 

Q 

I 

L 

S 

S L 

s 

L 

S 

P L 

L S 

S L 

S G P 

P A 

R P 

S 

P L 

L 

L 

s 

S 

L 

S F 

R F 

v S 

L A 

W Q 

G 

A 

Q 

S S 

v 
W 

G -

3 0 0 1 GTGCGGTACTACCACCGCTCTCACTCCACACACACACACCGAGTATACGGTTAAGCAGGA 
a 
b 
c 

3 0 6 1  
a 
b 
c 

3 1 2 1  

3 1 8 1  

3 2 4 1  

3 3 0 1  

3 3 6 1  

3 4 2 1 

3 4 8 1  

3 5 4 1  

3 6 0 1  

V R Y Y H R S H S T H T H R V Y G * A G 

C G T T T A L T P H T H T E Y T V K Q E 

A V L P P L S L H T H T P S I R L S R R -

GAGAGAACGGGAGAGTGAGACTGAGACCGGGTCCCAAGTACAATTCTCGCCTGGTTCTTG 
E R T G E * D * D R V P S T I L A W F L 

R E R E S E T E T G S Q V Q F S P G S * 

E N G R V R L R P G P K Y N S R L V L D -
I 

ATCGAAGGC�TCAAGAATCACCAGAAAGTTCTAGATCTTTAGACgGCAGTCTTCTTT 
l E G  M I K N H Q K V L D L * T A V F F 

5' end of cloned cDNA (GGGTGG .) 

....---. lIT " I ' DJ101 pomer » 
GGACTCCTCGGTTTCTTTTGTTCTGAGCTCTAGCC�AGGGTGGGGGAGGGAGTGGA@ 

T P R F L L F * A L A M E G G G G S G M -

« DJ203 primer �GTGGGTTCCCGGAAGCCACGGGTAAC CTTCTCGATGCCGCAGCTCAGGAGTTCCACC 
G G F P E A  T G N L L D  A A A Q E F H P -

« DJ203 primer (Continued) « DJ201 primer 
CTACGGTCTGTGCCCCCTATCCTCTACAGCCGCTTCCGCAACAGCTATACTGCCCCCACC 

T V C A P  Y P L Q P L P Q Q L Y C P H P -
RACE-RT primer 

CATATCCAGCCATGCCGGTGCCTCCGC C GC CGCAAATAGCCATGTTACAGCCAGTGCCTC 
Y P A M P V P P P P Q I A M L Q P V P P -

CGATGGCGATGGCCATGGCGCCGCAGCCGGGGTACACCTTGCCAACGACGACGCCGGTGG 
M A M A M A P Q P G Y T L P T T T P V V -

TCAATGGCC CGTCGAGCCGCGTCGTGGTGCTGGGCCTTGTCCCGCCGCACGCGCAGGAGG 
N G P S S R V V V L G L V P P H A Q E A -

C C GACGTGGCGCAGGCGATGGCGCCATTCGGCGCGATCCGCTCGGTCGACGCGTGCGCGG 
D V A Q A M A P F G A I R S V D A C A V -

TGGCGTCCGAGGGCGTGGCCACC GTCCATTTCTTCGACATCCGCGCCGCCGAGCTCGCCT 
A S E G V A T V H F  F 0 I R A A E L A L -

7 1  
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3 6 6 1  

3 7 2 1  

3 7 8 1  

3 8 4 1  

3 9 0 1  

3 9 6 1  

4 0 2 1 

4 0 8 1  

4 1 4 1  

4 2 0 1  

4 2 6 1  

4 3 2 1  

4 3 8 1  

4 4 4 1  

4 5 0 1  

4 5 6 1  

4 6 2 1  

TGACCTGTGTCCGCGAGCAGCACATGCGCCAGCAgAGCCGCCTCGGGCAGCT cTACGCGG 

T C V R E Q H M R Q Q S R L G Q L Y A A -

CGGCCGCCGTAGCCCCGGCGTGGGCTCCTGCACCGACGCCCCAGGCCTGGGACTGGCCCC 

A A V A P A W A P A P  T P Q A W D W P H -

ACCCCAACGACGACGGCCGCGGCCTCGTCCTCGGGCACGCCGTGTGGGCCCACTTCGCCA 

P N D D G R G L V L G H A V W A H F A T -

CCGGCGCCGACGACGGCGACAACCGCGGCTCCCTGGTGGTCCTGAGCCCCCTGCCCGGCG 

G A D  D G D N R G S L V V L S P L P G V -

TCTCGGTCGCTGACCTCCGCCAAGTCTTCCAGGCCTTCGGTACGCGCCAC CGACCGAGCC 

S V A D L R Q V F Q A F G 

'\7 te1-mum3 

GACCAACCAGGCATTTCGTTTTCCCACGCTCGTTTCTTGTGTTTCCC GCAGCAATTG�AT 

TGGcCCGTCCTCGTGTTCGCAGGGGACTTGAAGGATGTGAGGGAGTCGGCGCAGCGGCCC 

D L K D V R E S  A Q R P 

AGCCACAAGTTCGTGGACTTCTTCGACACGCGCGACGCCGCGCGCGCGCTCGCCGAGCTC 

S H K F V D F F D T R D A A R A L A E L 

AACGGCCAGGAGCTTTTCGGCCGCCGCCTCGTCGTCGAGTTCACGCGCCCTTCCGGCCCC 

N G Q E L F  G R R L V V E F T  R P S G P 

GGGCCCCGCAGGTAAACAACAACGCAATTTCAGTCAGCTAGCC TTCCCATCACCCTGTGG 

G P R R 

GCGGCTGAATTTTTGCCGTGTGCCTGTCGGTCCTAGGCGCGGGTACGCACCCCACCAGCA 

R G Y A P  H Q H 

CCGGCCCACCGCGCCGACTCCGCCGAGGCTTCAAGCGACGTGGCGACCGTCCCAACCGAC 

R P T A  P T P P R L Q A T  W R P S Q P T 

V te1-mum2 
GTCGTCTCAGCCGCCGGCATCCTCGTCGTCGTCCGGTTCCGTAAGGGCGAGGGAAGGAGT 

S S Q P P A S  S S S S G S V R A R E  G V 

GGTGCTTCTGAGGAGGAGCTCCTGTAAGTCTAGCGCGGGCAGCGACCAGTCGTCCAAGGG 

V L L R R S S C K S S A G  S D Q S S K G 

AGGCAATGCCGGAACGAGCCATGAGCGCAAGACCAAGGGCGGCAAGATCGTGGTGGCGGC 

G N A G  T S H E  R K T K G G K I V V A A 

GGCGGCGGCATCCTCGTCGACCCCGACAGCGTCCGGGAAGCAAACCCAGAAAGGCGTCGG 

A A A S S  S T P T A  S G K Q T Q K G V G 

te1-mum1 

GAGCAGCGGCGGCGGGAGCTGGAAAGGACG�GAGCGGGTGGGAGGCGCGCTTCCTGTT 

S S G G G S W K G R K S G W E A R  F L F 

« TE 15 pnmer 
4 6 8 1  CAAGGAGCCCGAGCCGGCGGCGGCGCCGACACGCAAGCAACGCCGGCTTCGGAGATGGA 

K E P E A  G G G A D  T Q A T  P A S  E M D 

4 7 4 1  TACGAGGACCACCGTCATGATCAGGAACATACCGAACAAGTACAGGGTATCCCTGCCAAT 
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4 8 0 1  

4 8 6 1  

4 9 2 1 

4 9 8 1  

5 0 4 1 

5 1 0 1  

5 1 6 1  

5 2 2 1  

5 2 8 1  

5 3 4 1 

5 4 0 1  

5 4 6 1  

5 5 2 1 

5 5 8 1  

6 6 4 1 

5 7 0 1 

5 7 6 1  

5 8 2 1  

5 8 8 1  

5 9 4 1 

6 0 0 1 

T R T T V M I R N I P  N K Y 

CTCCACGTTTGTTGCAACAATGCTATATTTCATGGGCGACGCACAGAATTGCGATTCTGC 

TAGCTGATGCCCGAGGC GTTTGGGTCGCAGCCAGAAGCTGCTGCTCAACATGCTGGACAA 

S Q K L L L N M L D N 

CCACTGCATCCAATCCAACGAGTGGATCGTGGCGAGCGGCGAGGAGCAGCCCTTCTCCGC 

H C I Q S N E W  I V A S G E E  Q P F S A 

CTACGATTTCGTCTACCTCCCCATAGATTTCAAGTGAGTTGCGCGCTCGGCTTCCTTCTC 

Y D F V Y L P I D F 

ACATAATTGCATTTAGCTGTTCGCATTGACTTATATTTTATGGTGCC CAATGCAAGAACA 

CACACAAGCTTCC CAGCCTGAATTCGGGTTGTTTTCCTGGGAATTTGTTGCCTTGAATAA 

TGGTTGGAGTGGGAAATGTGGGCGGGGGGGTGGGAGGCGAGGAGCTGGCTGTGGAAGCGT 

GAGCTTCAGGATCGAGGTATCTTATCTTTGGGTGGGTAGAGTACAGTGCAGCAGGCATAG 

ATGGGCTATGGCGTTACTAGCCCAAATGGAAATAAATTTGGCAGCGGCAAGCAAGACCAT 

GCCAGATCCTTCTCGTTTTGATGCCCCCCCATGGATTCTTTGGTTGCATGCGCGCATCTG 

CTGGCTGCTGCTGCCGCTGCCGATGGCGAGGGAGCCGGCCTGCCTTCCTTTC TCGCGGCT 

GCTGCCGCCCCTGGGATC GCCTCCCTGCCTGCCTTTCTTGCTTTGCACAGCCGTGCACTT 

C C ATAACGAGGCCAACACATACAAAAGGTGCGGCACCGATGGGGTTGTAGTGTTGAGACT 

AGACAGTAGAGATAGACGCTTAGCTATGGAGATGGAGC TGTGAAAAAAAAAGAGTTGCAT 

GAGTATGAAAAGGGGGAAAAAGTCAGCACTTTCGTTCTAAAGAGAAAATTTGAACTTCAG 

ATCAAAGTAGTTTTCTATATGCAAACAAAATGTATGCTTTCAAGTTTGCTTATTTAAAGC 

ACTTGCTTTTATATATACCGCCGGCAGCTTTTCTCTTGCACGAAGCAAGTTTGAGAAAAG 

ACC TATCAATGCCCAATGACGAGAGGACATTAGTGGCTGTCAAAAGGCATGCAGCTTCAA 

ACATACTCATGTGTAAAGCAGCTGCAGCATAATGCCAAAGTTTTTTTTTGATTGCAAGTC 

TTTTTAGTTATTGTTCCTCCATGCCATTACCATTCTGAATTTCTTGC CCTTGCATGAAAT 

GAGAATTTTTCTTCCTTATGCAAAAATGAAAAAAAACAAAAAAATGCAGCAACAAGTGTA 
N K C N -

6 0 6 1  ATGTGGGCTACGGCTTCGTCAACCTGACATCGCCGGAGGCTCGCGTGCGGCTGTACAAGG 

V G Y G F V N L T S P E A R V R L Y K A -

6 1 2 1  CGTTCCACAAGCAGCCATGGGAGGTGTACAACTCGCGCAAGATCTGCCAAGTGACATACG 

F H K Q P W E V Y N S R K I C Q V T Y A -

6 1 8 1  CGCGCGTACAAGTACGTACTCCACTCCyGCAGCTGC C C TTCTCCTACATCTACATCCGTC 

R V Q 

6 2 4 1  GAAGACATTTTAATGCTACGTACGTACTTATTGCTCACATGTCAATGTTACAATTGTGCG 
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6 3 0 1  GCGGCGCAGGGCCTGGAAGCGCTGAAGGAGCACTTCAAGAACTCCAAGTTCCCGTGCGAC 
G L E A  L K E H F K N S K F P C D 

6 3 6 1  AGCGACGAGTACCTGCCCGTGGCGTTCTCGCCGGCGCGCGACGGCAAGGAGCTTACGGAT 

6 4 2 1  

6 4 8 1  

6 5 4 1 

6 6 0 1  

6 6 6 1  

6 7 2 1 

6 7 8 1  

6 8 4 1  

6 9 0 1  

6 9 6 1  

7 0 2 1 

7 0 8 1  

7 1 4 1  

S D E Y L P V A F S P A  R D G K E L T  D 

CCAGTGCCCATCGTGGGCCGCTCGCCCGCGGCGTCGTCCGCGTCGTCGCCTCCCAAGAGC 
P V P I V G R S P A A S S A S S  P P K S 

CGGGCGGCTAGCGTGGACCGGCTTGGGCAGGAGCTGATGCCGGCGCCGTCGTCATCCGCG 
R A A S V D R L G Q E L M P A P  S S S A 

GACGGCGCGTCGTCGACCACTACGTCCACCCACGCGCCGTCCGAACACGACGAGGAGGAG 
D G A S  S T T T S T H A P S E H D E E E 

GAGGAGGGAGACATCAGGCTCGCAGGCGAGCTGCGGCGGCTTGGCTACGACGAC�TG 
E E G  D I R L A G E  L R R L G Y D D * 

GCTCCGATCCTAGCTGCAGCTAGGCGGGCGACGCCTAGCTCAGCAACGATCGGCATGGCG 

TGGCGTCGCTTCGAGAAGCGCGGAGGCAGTAGTGACTTCGGCCAAGCTTTTCACAGATCC 

GTAGCGCTCGCTCCTGCACGCGCAGGCGAAGCAAGTGAAGTGGACTGGGACTTGACTTTG 

GAGAAGCAAAAGTGAGCTGATGTTCGTTGGTTCGTAGACGCTGCGCACAGCAGGTGTGGA 

GTCGTGTTCTTTTGGATTTTGGTTTGAAGTTTCCTACTACTTGTTTCTTTGAAACTTGGA 

GCTATAGCTAGCTTAGGCTTAGCTAGGACTGCTGGGAGGGGAAAGGGCATGCAGGGGACT 

ATCAATTCGTGGTTCGTCATGCGCTCGTTCTTTACATTAAAATAAGATTGTTATTAGTAC 

AGCTTTACAATACTTCTGCATATTCGGAGAGAGACTCTGATCTCATATCATCACGAGTTG 

C TAGATTTCggtC gGATCTCTTC sATTGATGCGAACCAACAGATCTTTCTCTATCGCTGC 
AcGGCTCCACCGCGC TATCTTTGCAGACTCACAC TGTCCTCTCCTTTGTAGACTCTAGTC 
TTCT C ATCCTTCTATTTTTCTCAATTTACATTCGATTTGTTCAATTTACATTTnGTTATC 
CCATCGATCTGTGCTCAC TCGTGCTAAAAAACAAAGATGTAAGCGTTGCGTAATATTnAT 
ACAGTACAAGCATATATCTAGAAAATTCAAATTATCTTGTGATTTGAAATGGAAAACTGT 
CTCACTAATAAAAAGATATTTGTATCAAatAtATATtTtaTaTtTtTttkkATTTatTtc 
C taAc ataATAgAtataaTAggwwcTatatagTt TaTATcTATttAtcaaaAcTtattgT 
cgTTTAtttAaAAhcaATATaTatttATcCATATATaTaTTtttTcCATGcatggcAtcT 
C TATATATTTAAATATGtAATTATTTTGAAATCTTACC CTTAATCATGGTGCC TCTTCTT 
GCATCATGTGTCC TCAGTCATGAATGAATCTATTTTCTCTCTCCTCAAGTTAAGTTGAGA 
CTCCTGAGTTTATTGTATCTTTCATTAACTCTAGTTTTTTGTATTTTCTTATAAATAAAT 
ATTTTAGGTTATAGAATAAGTTCTTAAGTACTACAATATCATAAAAC CATTGTTTTAAAA 
ACATGTATCATATTATTCAAAATAAGTCATAGAGCTTGAAGTGAGATCTTAAATAGGGGG 
GTAATTCAAACCTCACGACAATTTTAATATTTGAAGC TTATAATGATCAATTTTTTACTC 

7 9 8 1  TAAAGTATTCTTAAATAGC CATAAAATATAGC CACGAGTAGTCTCTCATACTTCTCGAG 
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2 . 1 1 .  P red ict ion of transcr ipt ion start s ite with 5' RAC E  

2. 1 1  a .  The 5' RACE protocol  was inconsistent  

Two RACE experiments were carried out to  complet io n  sta rt ing with separate reverse 

tran script ion react ions.  The gels of secondary peR products a re shown in F igure 2 .4a .  

These experiments were inconsistent. The two - 400 b p  products were produced from 

shoot meristems samples in the first experiment.  They were c loned and  sequenced ; the 

sequences were identical apart from the length of the po lyT tai l ,  and corresponded to the 

te 1 genomic  sequence from 2971 bp (not shown) .  Th ree SAM products, and one embryo 

product from the secon d  experi ment were c loned and  sequenced, but the sequence d id 

not  correspond to a ny region  of the te 1 genomic sequence,  or  to each other when 

compared  with the GCG progra m  gap. 

2 . 1 1 b. RT -PCR d id  n ot confirm that the tra nscript ion start s ite was as p redicted by 

5' RAC E  

The p redicted start site o f  the first experiment was u nexpected s ince the 5 '  end o f  the 

transcri pt contained th ree ATG start codons ( I ,  1 I  and I I I  i n  Figure 2 .3 ) ,  the first was 

fol l owed in frame by a stop codon shortly afterwards. RT -PCR was used i n  an attempt to 

confirm that that the te 1 transcript extended as  far 5 '  as  predicted by RACE .  A reverse 

transcriptio n  react ion was performed from both leaf and  SAM polyA+ R NA samples 

prepared as  described i n  Sect ion 2 .7f. Th is react ion was amp l ified i n  two separate PCR 

react ions wi th  d ifferent p rimer sets (Figu re 2 .4b) .  

The fi rst pr imer set (DJ 1 0  1 /RAC E-RT) extended from with i n  the previous ly c loned te 1 

cDNA t01 87  b p  downstream ,  withi n  the first exon of the te 1 gene. PCR from these 

pr imers produced a product of the expected s ize from the SAM RT sample but not from 

the leaf sample (data not shown) ,  ind icat ing that the transcript inc luded this reg ion .  

The  second primer set (DJ204ITE1 5) extended from very c lose to  the  predicted 5 '  end  o f  

the tran script to  beyond i ntro n  three. Th i s  pr imer set was designed to detect sp l iced 

m R NA products whose 5 '  ends were c lose to that  pred icted by 5 '  RACE.  Th is pr imer set 

produced n o  p roducts from the same quantity of the same RT reaction .  A positive control 

i ncl uded in the DJ204ITE1 5 react ion produced a product of the expected size from 2 ng 

of m aize genomic DNA. Whi le  these results do not  prove that the predict ion of 
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transcript io n  start site obta i ned from 5' RACE experiments is incorrect, they do  n ot 

support the pred ict ion .  
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1 000 

1 000 

500 
500 

2 3 4 5 6 7 8 2 3 4 5 6 7 8 9 1 0  

F igu re 2 .4a.  5 '  RACE gels .  5 '  RAC E prod uced incons istent resu lts and was prone to 
conta m i n at i o n .  I mages A) and B) show the secondary n ested PCR ge ls  from two separate 
experi m e nts .  A) i n c l uded  two SAM samples .  1 )  1 00 bp ladder (Roche) .  2) b lank ,  3 )  SAM 1 
5 �tI of  p r imary PCR ,  4 )  SAM1 0 . 5  �d of p r imary PC R ,  5 )  SAM 2 ,  6 )  leaf. 7)  D NA posi t ive 
con tro l ,  8)  synthet ic t ranscript contro l .  8)  i n cl uded SAM and embryo  samples ,  RT react i ons  
were p ur ified  bo th  by p reci pitat io n  (ppt) and  C o n cert K i t  c lean u p  (kit) 1 )  1 00 bp  l adder .  2)  
SAM (ppt) .  3 )  embryo (ppt) . 4) n o  RNA (ppt) , 5 )  l eaf (ppt) . 6 )  SAM (kit) , 7) embryo (kit) , 8 )  
D NA posit ive contro l .  9)  PCR negative , 1 0) PCR pos it ive . 

DJ204 

TE 1 5  

"--
...

.
. ...... "..... ..................... .. ...... ..... ... ......... " ................ .. ......... " .... .............................. .. 

.---__ ... start predicted by 5' RACE 

sz SZ SZ 

5' end of cloned cDNA 

--, 
DJ 1 0 1 

RACE-RT 

L-
PCR product produced 

no  peR product 

Fig ure 2 .4b.  RT-PCR used in  attempts co nfi rm the  transcri ption  start site p redicted by 5' RACE.  
Both P C R  rea ct io n s  used the same RT prod ucts as  a temp l ate .  The DJ204/TE 1 5  pr imer  set  produced 
no product i nd i cat in g  that there were no cDNAs in the RT react ion  that spanned the reg i ons  fro m  the 
pred i cted start site to beyond i n tron three ( in trons a re represented by tri a n g les) . Some form of the te 1 
c D N A  was reverse transcri bed .  s ince the D J 1  0 1  IRAC E-RT pr imer set p rodu ced a product from SAM 
sample ,  but  n ot from  the leaf sample .  P rev ious RT- PC R  reactions  i nd icated that SAM t issues conta i n  
the te 1 transc ri pt, but  leaf t issues d o  not  (Sect ion  2 . 1 2) .  
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2 .12 .  Quantification of te1 transcri pt levels 

RT-PCR res u lts ind icat ing the leve ls of  the te 1 transcript i n  var ious wi fd type t issues are 

shown in  F igure 2 .5 .  Figu re 2 .6  shows an RNA ge l  sta ined with eth id i um ind icat in g  that 

the samples used for RT-PCR were equal ly loaded. Competitive RT-PCR resu lts were 

i nterpreted in the fo l lowing way; when on ly one band was p resent in the RT-PCR gel th is 

was taken as an  ind ication that th is sample (e ither a ltered synthetic o r  native transcript) 

was p resent in much la rger quantit ies , when two bands were p resent the transcr ipts 

were p resent in approximately the same order of magn itude,  and differed by the intensity 

of the band .  Al l t issues except leaf contained some detectab le  level of te 1 t ranscript . The 

est imated levels of transcript were;  embryo > 1 00fg/[A.g total RNA, SAM > 1 00fg/[A.g , ear ly 

tassel < 1 00fg/[A.g > 1 0fg/�tg , late tassel - 1 fg/f-ig, ear  - 1 00f9htg , leaf « 1 fg/[A.g ,  root 

- 1  OOfghtg . The lower level of detection  for this assay was at least 1 fg/[A.g . RNA was 

extracted on ly  once from each t issue sample,  and three consecutive reverse 

tran scr ipt ions reactions  were performed for each (with 1 00 ,  1 0  and 1 fg synthetic altered 

te 1 transcript) .  
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1 000 bp  

5 0 0  bp  

2 3 4 5 6 7 8 9 1 0  1 1  

2 3 4 5 6 7 8 9 1 0  1 1  

2 3 4 5 6 7 8 9 1 0  1 1  

F i g u re 2 .5 .  Competit ive RT -PCR.  A synthetic le 1 transcr ipt l ack ing the 8g/l l restr ict ion  s i te was 
added to each samp le .  peR products derived from th i s  transcript are d ist ingu ished  from n at ive 
transcr ipts by d ig estio n  with 8g/l l ,  the synthet ic tran script runs at the or ig i nal s ize of 2 9 1  b p ,  the 
nat ive tran scr i pt s  are cut and run at 247 bp .  A) sp iked with 1 00 fg of a l te red  synthet ic te 1 
tra nscriptJ�tg tota l ,  B) sp iked with 1 0fg of  a ltered synthetic le 1 transcriptJ�g R NA Lanes C) s p i ked  
with 1 fg of  a ltered synthetic te 1 transcriptl�g . Lanes a re 1 )  1 00bp ladder ( Roche ) ,  2) embry o ,  3) 
SAM, 4) early tasse l ,  5) l a te-tasse l ,  6 )  ear ,  7)  l eaf, 8) root, 9 )  RT mix contro l , 1 0) peR negative 
control ( H20) ,  1 1 ) peR positive control ( 1 fg of pBV432 insert) . 
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1 2 3 4 5 6 7 8 9 

F igure 2.6.  R N A  samples used for competitive RT-PCR a re equa l ly loaded.  RNA was g lyoxylated 
and  e lectrophoresed as descr ibed in sect ion  2 . 8a .  Lanes are 1 )  0 . 24-9 . 5  kb RNA l adder, 3 �tg tota l 
load i n g ,  2 )  n o  samp le ,  3 )  1 �lg embryo  sample ,  4) 1 �g SAM samples ,  5 )  1 �lg ear ly tasse l , 6 )  1 �g l ate 
tasse l ,  7) 1 �lg ear ,  8) 1 �g leaf, 9) 1 �g root. Assuming  that each band  of the RNA molecu l a r  weight 
l adder  has equa l  mass ,  they shou ld  conta in O . 5�g of  R NA each .  On l y  the rRNA of  p l an t  t issue 
samples a re v is ib le .  
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2 . 1 3 Ana lys is  of te1 m utant  a l le les 

The m utations  i n  the te 1-mum 1 and te 1-mum2 a l le les had been identified previous ly 

(Veit 1 998) .  peR and Southern b lotti ng  was used to characterise the rema in ing  a l le les 

by the fo/(owing criteria .  

1 )  Only ' re l i ab le '  primer sets are i nc luded i n  these summaries;  those pr imer sets 

that cons istently produced a s ing le abundant product from B73 D NA. 

8 1  

2)  Whe n  a peR product was produced us ing two primers comp lementary to the te 1 

sequence from a mutant a l le le D NA that was identical i n  size to the B73 normal  

i nbred , the reg ion  bound by these primers was assumed to be normal .  A l a rger  

product defined an  insertion ,  a sma l ler, or  n o  product ind icated a delet ion or  

rearrangement. This a l l owed the normal and a bnormal  reg ions  of the a l le les to be 

determined .  

3 )  peR products result ing from mutator e lement pr imer (MUSEL o r  M U E N D) pa i red 

wi th a pr imer complementary to the te 1 sequence produced a product were used 

to i nfer the posit ion of the i nsertion ,  and  c loned . 

4) Southern blot data was compared to peR data, and hyptheses were formed 

about the nature of the m utations by a largely i ntuitive process. 

The pos iti on  of the Mutator i nsert ion  in the te 1-mum3 a l le le was determi ned by c lon ing 

and  sequenci ng  the peR product .  Pos it ions  of  these i nsert ions are ;  te 1-mum1 ,  4653 bp 

(exon 3) ; te 1-mum2, 4396 bp (exon 3) ;  te 1-mum3, 401 7 bp  ( intron 1 )  (Figu re 2 . 3) .  

T h e  resu lts o f  P C R  ana lysis o f  the rema in ing  uncharacterised a l le les ( te 1- 1 ,  te 1-ems, 

te 1-mum4, te 1-mum5, te 1-mum6, le 1-mum ?),  are summarised in Sect ion 2 . 1 3a .  

2 . 1 3a .  Analysis of m utant  al le les by  peR 
Appendix 8 shows a m in imum d ata set for t he  peR ana lysis :  where a m utation  was 

defined by a particu la r  PCR react ion ,  on ly  that react ion is  shown.  

2 . 1 3 b. Southern b lots of te1 a l leles 

The resu lts of Southern ana lysis of te 1 a l le les are shown in  F igures 2 . 8 ,  2 . 9  and 2 . 1 0 . 

Expected mo lecular weights were ca lcu lated from the genomic sequen ce ,  and the 

m olecul a r  weights of bands on  b lots were est imated using the molecu lar  weight  markers. 

This data is tab ulated in Append ix 9. Pr imers used for synthes is  of D I G  l a be l led peR 
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probes from a te 1  cDNA template (and corresponding genomic reg ion  covered) were; 

Southern 1 ,  BV34ITE 1 9  (4597-6345) ; Southern 2 ,  SW1 ITE1  (3327-4 537) , BV34ITE1 9 

(4597-6345) ,  SKlTEC 1 0 from pBV4 1 2  (the 3' Bam H I  fragment subc lone of the te 1 cDNA 

vector p BV407) (64 1 7-6963) ;  Southern 3 ,  SW1 ITE1  (3327-4537) . 
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F i g u re 2 .7 .  te 1 a l l e le  Southern b lot 1 .  D NA was extracted from h omozygou s  p l ants a s  
d escr ibed i n  Sect ion 2 . 9 b ,  cut with Hind" I a n d  s u bjected t o  Southern b l ott i ng  (Sect ion 2 .ge) . 
The membrane  was p ro bed with a D I G  labe l led pe R probe synthes ised from the te 1 cDNA 
with the p ri mers 8V34 and TE 1 9 . Th is  port ion of the cDNA covers the reg i o n  from 4597 to 
6362 of the te 1 genomic sequence Note that some contaminat ing D NA was present ,  probab ly 
in  the ge l  load ing buffer, that p roduces a band in  a l l  samp les  i nc l ud i ng  the mo lecu la r  weig ht 
markers ( a rrow) . A l l  a l leles are i n  873 i nbred background u n l ess stated otherwise .  Lanes a re 
descr ibed as , te 1 a l le le (fam i l y  of or ig i n ) ;  1 )  D I G  labe l led le Hindl l l l  molecu l a r  weight marker, 2) 
b l ank ,  3)  n o rm a l  (873 ) ,  4 )  te 1 - 1  (A 1 88 )  ( D J 96 : 1 7) . 5) te 1 - 1  (DJ96 :22 ) ,  6)  te 1 - 1  o r  -mum? 
( DJ 9 6 : 1 6) ,  7)  te 1 -ems (A1 88 )  ( DJ96 1 5) ,  8)  te 1 -ems (DJ96 :26 ) .  9 )  te 1 -mum 1 ( DJ 96 :23) .  1 0) 
te 1 -m um 1 (DJ97: 1 8) ,  1 1 ) te 1 -mum 1 or  2 (DJ97 : 5 1 ) ,  1 2) te 1-mum2 ( DJ96 25) ,  1 3) te 1-mum 2 ?  
( DJ 9 7 : 57 ) , 1 4) t e  1-mum3 ( D J 9 7 4 3 ) ,  1 5) t e  1-mum3 o r  6 ( DJ 9 6 4) , 1 6 ) t e  1-mum3 o r  6 
( DJ 96 ' 3 ) ,  1 7 ) te 1-mum3 o r  6 ( D J 9 6 2 ) ,  1 8 ) te 1-mum3 or  4 ( D J 9 7 : 2 2 ) ,  1 9 ) te 1 - ?  (W2 2 ,  
D J 9640) ,  2 0 )  b lank , 21 ) D I G  l abel led 'A Hindl l l l  molecu lar  weight  marker. 
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1 2 3 4 5 6 7 3 9 1 0  11 12 13 14 1 5  16 1 7  18 1 9  20 2 1  22  23 24 25  26 27 28  29 30 3 1  3 2  33  34 

F i g u re 2 .8 .  te1 a l le le  Southern b lot 2. D NA was extracted from homozygous p l ants (Sect ion 2 . 9b ) ,  cut 
with e i the r  H i n d l l l ,  Eco R I ,  o r  Kpn l and subjected to Southern b lott i ng  ( Sect ion 2 . ge ) .  Th e m em b rane  was 
hybrid i sed  with three D I G  labe l led p robes that i nc luded the ent i re te 1 c D NA.  A l l  a l l e les are in B73 i n b red 
b ackg rou n d  u n less  stated otherw ise .  L anes a re ;  1 )  D I G  l a be l l ed  �� H i n d l l l  m o l e c u l a r  we igh t  m a rker 

(Roche) , 2) blan k ,  3- 1 2)  Kpnl  d igests ; 3 )  n o rm a l  (B73 ) ,  4) te 1 - 1 (BV97: 3 2 ) ,  5)  te 1 - 1  (A 1 88 )  (DJ96 :22 ) ,  6) 
te 1 - 1  ( NA97 : 3 2 ) ,  7) te 1 -mum 1 ( D J96 : 2 3 ) ,  8)  te 1 -mum2 ( D J 9 6 : 2 5 ) ,  9) te 1 -mum3 ( DJ 96 2 ) ,  1 0) te 1 -mum3 
or  5 ( D J 9 8 : 1 7) ,  1 1 )  te 1 - 1  or  -m um 7,  1 2) te 1 -mum 7 (NA233 1 ) , 1 3-22)  EcoRI d igests ; 1 3) n o rma l  (B73 ) , 
1 4) [e 1 - 1  ( BV97 : 3 2 ) ,  1 5) te 1 - 1  (A i 88)  (DJ96 : 22 ) ,  1 6) te 1 - 1  ( NA97 : 3 2 ) ,  1 7) te l -mum 1 (DJ96 : 23 ) ,  1 8) te 1 -
m u m 2  ( D J 9 6 25) , 1 9) te 1 -mum3 (DJ96 :2 ) ,  2 0 )  te 1 -mum3 or  5 (DJ98 : 1 7) ,  2 1 ) te 1 - 1 or  -mu m 7, 22)  te 1 -
m um 7 (NA233 1 ) , 23 -32 )  H i n d l l l  d i gests; 2 3 )  n o rm a l  ( B 7 3 ) ,  2 4 )  t e  1 - 1  ( BV9 7 : 3 2 ) ,  2 5 )  t e  1 - 1  ( A  1 88 )  
( DJ 96 : 2 2 ) ,  2 6 )  te 1 - 1 ( NA97 : 3 2 ) ,  2 7 )  te 1 -mum 1 ( D J 9 6 : 2 3 ) ,  2 8 )  te 1-mum2 ( D J 9 6 : 25) . 2 9 )  te 1 -m um 3  
( D J 96 ; 2 ) ,  3 0 )  te 1 -mum3 o r  -mum5 (DJ98 1 7) ,  3 1 ) te 1 - 1 o r  -mum 7, 32 )  te 1 - m um 7 ( NA2 3 3 1 ) , 3 3 )  b l a n k ,  
34) D I G  labe l led le H i n d l l l  mo lecu lar  weight marker, 
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F ig u re 2 . 9 .  te1 a l le le  Southern b lot 3. This Southern blot was produced by Carmel  G i l lman ,  
methodo logy is  essenti a l ly t he  same as fo r Southern b lots one and  two .  The  membrane was 
p ro bed with a D I G  l abe l led PCR p robe made from the 5 '  reg i o n  of the te 1 gene with primers 
SW1 a n d  TE i .  Th is  reg ion  of the cDNA encompasses from 3328 to 4537 of the te 1 genomic 
sequence .  Lanes a re ;  1 )  D I G  l abel led f. H i nd l l l  mo lec u l a r  we ight  marker ( Roche) , 2- 1 3 ) 
H i n d l l l  d i g ests ; 2 )  te 1 -mum3 ( BV99 : 5) , 3 )  te 1 -m u m 6  ( A 1 88 )  ( BV99 : 9 ) ,  4)  te 1 -m u m ?  
( BV99 : 1 3) ,  5 )  A 1 88  ( BV99 1 6) ,  6 )  te 1 - ?  (BV99:20) , 7 )  te 1 -mum 1 ( BV99 2 1 ) ,  8 )  te 1 -m um2 
(BV99 : 2 3 ) ,  9 )  te 1 -mum3 (BV99 :25 ) ,  1 0) te 1 -mum6 (BV99 :26 ) ,  1 1 ) te 1-mum 7 (BV99:29) , 1 2) 
te 1 -m um 3  or -mum5 ( BV99 32 ) ,  1 3 ) normal  ( B73) ,  1 4- 1 9 )  b l a n k, 2 0 )  D I G  l a be l led I. H i nd l l l  
mo lecu l a r  we ight  m a rker ,  2 1 - 3 3 )  EcoRI  d igests ;  2 1 ) te 1-mum3 ( BV99 5 ) ,  22 )  te 1 -m u m 6  
(A 1 88)  ( BV99 :9 ) ,  23 ) te 1 -mum ? ( BV99 : 1 3 ) ,  24) A1 88 ( BV99 : 1 6) , 25 )  te 1 -?  ( BV99 : 20) ,  26 )  te 1 -
m u m 1 ( BV99 : 2 1 ) , 27 )  te 1 -m um 2 ( BV99 2 3 ) ,  2 8 )  te 1 - m u m 3  ( B V99 : 2 5) , 2 9 )  te 1 -mum6 
( BV99 : 26 ) , 30)  te 1 -mum ? (BV99 : 29) ,  31 )  te 1-mum5 ( BV99 : 32) , 32 )  normal  (B73 ) .  
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2 . 1 3c .  Ana lysis of combined Southern and  peR data 

te1-mum3" a l le le  

The 500 bp  product from 8V a l le le te 1-mum4 from ( l i ne 2 1 54-5) was c loned in  to  

pGEMT-Easy, and  sequenced; the  Mutator elements 3 '  occurs after positi on  40 1 7  in  the 

te 1 genomic  sequence. The posit ion of this i nsertion is  shown in  F igu re 2 . 3 .  

te1-mum5 a l le le  

The te 1 -mum5 lesion is  a -700 bp  insert between 4 1 70 and 4899 bp .  The 2 .4kb peR 

product from te 1-mum5 was compared by 8mal and 8tu l  restrict ion d igestio n  to the 873 

product from the same primer set (not shown) .  Th is  ana lys is  ind icated that  t here i s  a 

-700 b p  insert between the 8mal s i te (41 70) and 8W4 pr imer (4899 bp) .  This product 

has  not  been cloned. 

te1 - 1  a l le le :  see F igure 2 . 1 0  

te1-ems a l l ele :  see F igure 2 . 1 1  

te1-mum4* a l le le :  see F igure 2 . 1 2  

te1-mum6 a l le le :  see F igure 2 . 1 3  

te1-mum7 a l le le :  see F igure 2 . 1 4  

86 
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SW1 -SW4 1::1 ===::::1 _____ TG1 -TG5 

SW1 -TE 1 5  

TG3-TE1 5  iC::::===::::J 

C::::=========::I TG7-SW4 

Fig u re 2 . 1 0. S ummary of te1-1 a l le le peR and S outhern a nalysis.  
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The 1 2 .4  kb  te 1 genomic c lone is  ind icated as  a th i n  l i ne conta i n i ng  an  arrow ind icatin g  
t h e  extent o f  t h e  n ascent te 1 transcr ipt .  The  pos i t ions of  probes for Southern b l ots 
( 1 , 2 , 3 )  a re i n d i cated a bove as striped bars .  The ran g e  covered by peR pri mers that 
produ ced a product (fi l led l i ne)  o r  no  product (ope n  l ine)  i n  experiments where 873 (wi ld  
type a l le l e) p roduced a s i ng le  abundant  product a re i nd i cated be low the gene l i n e .  
D i fferences i n  s izes a r e  bands from Southern b l ots a re s h ow n  as brackets ({ ) ,  t he  
n u m ber  i n  parenthesis ind icates the Southern from wh ich  they derive. For  the  te 1 - 1  a l le le 
any  pr imer  set  whose 5 '  pr imer is more 5 '  than  S W5 (pos i t ion  3653 b p  i nto the te 1 
genom ic  sequence) produced no product ,  i n d i cat i n g  that th is  reg ion  i s  absent o r  not  
juxtaposed to the down stream region  as in  w i l d  type .  The mutatio n  extends at least to  
389  bp (TG7 site) . S ince both H ind l l l  fragments in  Southern 1 are l arger than 873 the 
data are best i nterpreted as the resu l t  of a rea rrang ement ,  a l a rg e  i nsert ion  that conta ins 
a H i n d " l  s i t e , o r  a d e l e t i o n .  
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c a. ::s:: 

F i g u re 2 . 1 1 .  S u m ma ry of te1-ems a l l e le  peR and Southern a na lys is .  Symbols  a re a s  
described for F igure 2 . 1 1 :  striped bars above g e n e  l i ne  represent probes for Southern b lots ,  
o p e n  b a rs below l i n e  represent  s u ccessfu l pe R ,  open  b a rs b e l ow l i n e  represent  
u nsuccessful peR.  The te 1 -ems a l le le  was on ly examined in  Southern 1 - band sizes were 
ident ica l to B73 .  Th is  a l l e l e  was p roduced i n  a n  EMS mutagenes is  screen for ligu/ess (by 
whom?) .  S ince EMS would be expected to induce point  mutat ions the lack of PCR products  
from t h e  BV34/T EC 1 0 and  BV29/TEC 1 0  is  s urpr is i ng .  S ince the  p re p a rat io n  of te 1-ems 
a l l e l e  genomic  DNA produced inconsistent resu lts from PCR a n d  the l ack of amp l ification  
from these primer sets is i nterpreted a n  artefact. 
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-
transcript 

SW5-SW4 

SW1 -TE 1 5  

SW1 -SW4 

TG3-TE 1 5  

i TG7-SW4 

F ig u re 2 . 1 2. Summary of te1-mum4 a l le le  peR and Southern a n a lys is .  Symbols a re 
as descr ibed for F ig u re 2 . 1 1 :  ope n  bars be low l i ne  represent s uccessful peR,  o pen bars 
be low l i ne  represent un successful PCR.  The te 1 -mum4 a l le le was n ot i nc luded i n  any of 
the Southern b lots .  PCR experiments i nd icate that the m utat ion extends fro m  the TG7 
pr imer to the SW1 pr imer (389 to 3327) .  

a ° "<I" N ,.... 
� 

c a. :.<: 



Chapter 2 .  M olecula r  g enetic ana lysis of te 1 

normal product and extra 
+3.2 kb EcoR I  (3) 

+5 .5 kb and 3 .2  kb (3) 
111111111111111111111 
P ROBE3 

90 

--------------�--------------r ""'\ 

! 
) � 

C 0-C<.: 

0' «) (') 
� 
0:: 0 (.J W 

SW5-SW4 

SW1 -SW4 

TG3-TE 1 S  

0' 
'" .,.... 
� 
cc: 0 Cl W 

transcript 

"0 C 
I 

- TG 1 -TE 1 9  

C::==========:::l' TG7-SW4 

"0 C 
I 

F i g u re 2 . 1 3 .  Summary of te1-mum6 a l le le  peR and Southern a na lys is .  Symbols a re 
a s  described for F igure 2 . 1 1 :  striped bars a bove gene l in e  rep resent probes for S outhern 
b lots ,  open bars be low l i ne represent successful peR, open bars be low l i n e  represent 
u n s uccessfu l p e R .  O n ly Southern 3 i nc ludes the te 1 - m u m 6  a l l e l e .  Because Eco R I  
d ig ests produces both the normal s ized a n d  an  extra 3 . 9  kb band ,  a n d  H i nd l l l  d igest ion 
produces two a be rrant ly sized bands (F igu re 2 . 1 0) th is mutat ion does not appear to be a 
s imp le  i n sert i on/de let ion .  peR experiments i nd i cate that u p  to the pr imer SW5 (3653)  i s  
norm a l ,  but  from SW1 to TG7 (389 to  3327) has  been rearranged . 
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BV34-TEC 1 0  

SW1 -SW4 ---- TG 1 -TG5 

TG3-TE1 5 

TG7-SW4 C! ========:=2 

F i g u re 2 . 1 4 .  S u m ma ry of te 1 -mum 7 a l le l e  peR a n d  S outhern a n a lys is .  Symbo ls  a re a s  
d escri bed for F igu re 2 . 1 1 :  stri ped bars above gene  l i n e  represent probes for Southern b lots ,  
open ba rs be low l ine represent successfu l peR,  open bars below l ine represent unsuccessfu l 
peR .  O n e  hypothesiS for the posit ion of a dup l icat ion of the te 1 gene that is consistent with the 
d ata i s  s h own i n  g rey (not to  sca le) .  peR experiments i n d icate that  the ent i re coding reg ion  of  
the te 1 -m um 7 a l le l e  i s  intact and that from the pr imer  TG7 to the EcoR I  site is a bnorma l  (389 to 
2360) . The extra 1 3 . 8  kb Kpn l  fragment seen in Southern 2 i nd icates that  a l a rge  reg ion  h a s  
been d u pl icated .  T h e  i ncreased size of t h e  Eco R I  fragment seen i n  Southern 3 ( 9 . 5  kb l arger  
than  normal ) ,  a nd the  position ing o f  t he  successful peR amp l ifi cat ions i nd icates the approximate 
5 '  posit ion of the d u pl ication point .  
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DISC USSION (2) 

2 . 1 4. A n alysis of the te1 genom ic sequence 

The on l y  i rregu l arity i n  t he  te 1 genomic sequence was  the appare nt ly n on-canon ica l  5' 

sp l ice s ite of  i ntron three (see F igure 2 .3 ) ,  which does not conform to the consensus of 

eithe r  the most common GT-AG type i ntrons or  the rare AT-GC type i ntrons  

(Lorkovic 2000) .  Although sequence of th is  reg ion was identica l a t  fourfold  coverage 

from two s ubclones this i rregu larity cou ld  wel l  be due to a c lon ing/sequenc ing a rtefact 

and  shou ld  be confi rmed from maize genomic DNA, perhaps from more than one  i nbred 

l i ne (the current genomic sequence is  from the 873 inbred ) .  The genomic o rgan isation is 

essenti a l ly the same as the putative Arabidopsis ortho logs TEL 1 and TEL2,  although the 

Arabidopsis ortho logs appear to have l ost an  i ntron (see F igure 3 .6) .  Exon structure is 

d iscussed i n  more detai l  i n  Chapter 3 .  

Of the three poss ib le  AUG trans lat ion i nit iat io n  sites (see F igure 2 .3 ) ,  the second is  most 

s im i l a r  to the monocot consensus c (a/c) (A/G)(A/C)cAUGGCG (Josh i  1 997) , being 

con si stent at 9/1 1 s ites, the others are consistent at 6/1 1 s ites. 

2 . 1 5 Express ion studies 

2 . 1 5a. 5 '  RAC E  

T h e  5 '  RACE experiments were n o t  conclusive, since a )  the first result , which predicted 

the transcr ipt ion  start s ite to be at 2971 bp (see F igure 2 . 3  for genomic  sequence 

context and  Sect ion 2 . 1 1  for 5' RACE results ) ,  and b) an  RT-PCR experi ment that used 

a pr imer set that extended 5 '  to the pred icted end of the transcript and 3 '  to beyond the 

first i ntron produced no product (F igure 2.4 Section 2 . 1 1 ) .  

There a re two possib le sources for of ampl ification products no t  derived from a ful l  length 

te 1 c DNA. F i rstly , genomic D NA contaminatio n  could h ave been present i n  the polyA+ 

preparations prepared with magnetic beads (Secti on  2 .6c) .  These R NA samp les were 

treated with D Nase I to the extent that the PCR assay would not amp l ify a 1 . 6 kb portio n  
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of the te 1 gene, but s ince the cleaved D NA was not purified by precip itation  it cou ld  st i l l  

have been present i n  the RNA samples .  To avoid th is  artefact po lyA+ samples shou ld  be 

preci pitated after DNase l  treatment to  remove any contaminat ing genomic D NA 

fragments. Also ,  pr imers for the reverse transcription  and 3' prim ing of PCR designed to 

beyond the first i ntron wi l l  d istingu ish between cDNA and genomic D NA. 

Secon d ly primers could have amp l ified some other cDNA The best so lut ion to th is  

prob lem may be to  use one of  the reverse transcri pti on  enzymes ava i lab le  that  are 

stab le  at h igh  temperatures .  However, experiments not shown i n  th is thesis i ndicated 

that, i n  my hands ,  the reportedly heat stab le Roche 'C-therm' reverse transcriptase 

actua l ly produced less te 1 cDNA at 50°C than Moloney Murine Lukemia Virus enzyme. 

Other products may perform different ly ,  and enzyme/primer sets should be opt imised a s  

much as  poss ib le .  

Methods that  treat the RNA sample with ca l f  i ntest ina l  phosphatase , wh ich removes the 

5'-phosphate from molecules with unca pped 5 'ends (part icu larly  fragmented/degraded 

m R NA) ,  should be more rel iab ly o btain 5'  RAC E  products exclusively from fu l l  length 

m R NAs (Schaefer 1 995) .  In th is method,  the RNA i s  then treated with tobacco acid 

pyrophosphatase (TAP) which removes the cap structure leaving behind a 5'

monop h osphate, and a synthetic R NA adapter is  then l igated to the 5'-monophosphate.  

S ince 5 '  capped m R NAs a re not dephosphory lated by ca l f  i ntestina l  phosphatase they 

st i l l  retai n  the a bi l i ty to l igate to the RNA primer. Several kits are commercia l ly ava i l abl e  

that uti l ise this method (Ambion R LM-RACE Kit, for exam ple) .  

2.1 Sb. Exp ression of te1 and meristem fun ction 

The i n it i a l  model  (Veit 1 998) focused o n  the rol e  of te 1 i n  vegetative SAMs. Mutant 

a l le les of te 1 show i rregu la rly shortened i nternodes, abnormal  sp i ra l  or  d iso rdered 

phy l l otaxy, and leaf pattern defects such as leaves with two midribs .  The accumU lat ion of 

the te 1 gene in norma l  vegetative SAMs is  posit ioned in a semicircle that brackets the 

positions  of leaf primord ia .  Th is  data is  consistent with a model  for te 1 fun ct io n  where in  

the gene product is  requ i red for correct position ing of l eaf pr imord ia ,  and acts to repress 

org a n  formatio n .  Mutants phenotypes can be envisaged as being the resu l t  of the organ 

formation process being de-repressed . The lack of expression in  mutant a pices d isrupts 

the no rma l  partition ing of cel l s  i nto organ  vs. i nternode fate , causing short i nternodes. 
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These short internodes are not due to lack of cel l  expan sion i n  the shoot, i n  fact the 

short i nternodes have larger cel ls  with d isordered cel l  d iv is ion patterns (N Alvarez, 

unpubl ished data) . This authors i nterpretat ion of the fused midribs  that occur 

occas iona l ly in te 1 mutants is that they are the resu lt of a primordia i n it iati ng too close to 

an exist ing  pr imord ia ,  and recru it ing some of the same cel l s .  

Th is  p roject found tha t  the  te 1 transcri pt was present i n  embryo,  early tassel ,  ear  and 

root t issues at approximately the same level as SAMs (Section 2 . 1 2) ,  i mply ing that the 

te 1 gene product fun ct ions to  repress organ  formation i n  other meristems.  A role  for te 1 

i n  deve lop ing tassels is not unexpected s ince te 1 - 1  mutant p lant have shorter tassel 

internodes than norma l  p lants (N  Alvarez, unpubl ished data) . Mutant root and ear  

morpho logy have not been examined systematica l ly .  I n  th is  context it i s  interest ing to 

note that te 1 expression levels genera l ly correl ate with i nternode lengths (F igure 2 . 1 5) .  

Leaf primord ia  i n it iate closer to the summit of the te 1 - 1  mutant (Veit 1 998) .  An 

interpretat ion of th is  observat ion is  that the te 1 genes activity l im its the longi tud ina l  

positi on ing  of  pr imord ia .  Spiral  phyl lotaxies and fused are probably the resu lt of  leaf 

'crowded' leaf i n it iat ion .  

The te  1 transcript is  present i n  root t ips at about  the same level as i t  i s  i n  shoot ap ices. 

RNA extracts used in th is ana lysis were from the termina l  0 . 5  cm of roots and excluded 

zones that were i n it iat ing lateral roots. The expression of te 1 in th is zone is  therefore 

consi stent with a role  for te 1 i n  repression latera l org a n  format ion ,  a l though homology of 

i nternodes to root extension zones is less c lear. A l l  three RT reactions  derived from root 

RNA were from the same RNA extraction ,  so its possib le that th is s igna l  is  an a rtefact. 

Several facts argue aga inst th is a) a l l  contro ls  showed that the s igna l  was not genomic 

D NA. or  conta m inat ing vector conta in ing  the te 1 cDNA. b) the related Arabidopsis TEL 1 

gene was a lso shown to be expressed i n  the root (Nena Alvarez, unpubl ished d ata) .  

94 



Chapter 2. Molecular oenetic analvsis of fA 1 

ear 
very s hort i n ternodes 

ed ium/high expression 
(- 1 00 fghtg) 

roots 
i nternodes? 

medium/h igh expression 
(-1 00 fg//-tg)  

95 
tassel 
short in te rn odes 
medium/Iow expression 
( 1 00- 1 0 fg/�tg) 

post-em b ryon ic  p hytomer 
l ong  i nternodes 
high expression 
(>1 00 fghtg) 

embryon ic  phytomer  
l ong i nternodes 
high expression 
(> 1 00 fg//-tg) 

F ig u re 2. 1 5. Levels of the terminal ear1 tra nscri pt and  the extens ion  of m aize i n ternodes.  
The te 1 gene is  expressed in  a l l  ma ize meristems .  B road ly speak ing h igh  express ion i s  associated  
with l onger i nternodes. Th i s  d ata i s  consistent with a genera l  role  for TEL genes i n  restrict ing org a n  
i n it iat ion i n  the per ipheral  zone t o  a l im ited n um ber  o f  cel l s  (see text) . T h i s  model  s pecifies that t h e  
activity o f  T E L  genes determines t h e  position s  of organ  pr imordia , and  t h e  rel a tive p ro po rtions of  
cel ls attributed to org a n  pr imord ia  and i nternode.  The corre lat ion between te 1 express ion i s  not  
enti re ly  cons i stent,  but d i fferentia l  ce l l  expans ion  cou ld contr ibute to  the i rregu l a ri t ies.  Source for 
ma ize image: G a l i nat ( 1 994) .  
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2.16 .  Mutant  a l le le ana lysis 

Analys is of the te 1 mutant a l le les is not  complete but  shou ld  y ie ld  some i nterest ing 

ins ights i nto the molecu la r  genetics of the gene.  I t  must be noted that there was some 

u ncerta inty as  to the identity of some seed stacks, and sa any further ana lys is shou ld  

beg i n  with Southern blots checked against these resu l ts to  confirm the identity of  the  

stocks used. 

The structure of the te 1-1 a l le le i s  not wel l  understood,  but probably represents a n u l l  as 

far as transcript ion is concerned (Bruce Veit, unpubl i shed data) . The te 1-ems a l le l e  

(ge nerated i n  a n  EMS mutagenesis screen for liguless2) is  p robably best ana lysed us ing 

RT-PCR to detect and  c lone transcripts. The mutation is probably a point m utation  (the 

a l le l e  looks normal  by Southern analysis) , and  so wi l l  be d ifficu l t  to characterise without 

sequenc ing genomic PCR products with the a im of detecting  a s ing le base pa i r  change 

in  severa l kb of sequence .  Further characterisation of the te 1-mum ? a l le le  w i l l  a lso be 

part icu lar ly i nterestin g  because the entire cod ing reg ion appears to be normal (F igure 

2 .9 ) :  PCR with TG3 p roduces a norma l  p roduct, th is pr imer i s  at posit ion 2 76 1 ,  455 b p  

u pstream from t h e  first un interrupted i n-frame ATG .  
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C HA P T E R  3 .  IN SILICO ANALYSIS OF MEI2-
L I KE G E N ES 

3 . 1  ABSTRACT 

Mei2- l ike genes encode prote ins with three RNA recogn it ion motifs (RRM) ,  of which the 

th i rd i s  h i gh ly d i st in ct ive . The fam i ly has been named after the Schizosaccharomyces 

pombe Mei2 gene,  which is requ i red for meiosis ,  and was the fi rst to be characterised 

(Watanabe 1 988) .  However, Mei2-l i ke prote ins are most abundant i n  p lants. Several 

other examples from of Mei2-l i ke gene have been detected from fung i ,  and a lveo lates , 

wh ich are eukaryotes that are d ivergent from both p lants and fung i .  N o  Mei2-l i ke genes 

have been identi fied i n  metazoans .  

N ine fu l l  length Mei2-l ike genes are presented i n  th is study, the s ix Mei2- l i ke genes that 

had  been c loned (5. pombe Mei2, maize te 1, and Arabidopsis A ML 1, A ML 2, TEL 1 and 

TEL2) and three putative Arabidopsis genes (AML3, A ML4, AML5) . Combin ing 

predict ions wi th  c loned genes, the ful l  comp l iment of  seven Arabidops is Mei2- l ike gene 

i s  descri bed .  F i na l ly ,  about 30 putative Mei2- l i ke genes from p lant ,  a lveolate and funga l  

ESTs a re presented . 

Structura l  predi ctions  of a l l  known ful l  length prote ins of th is  c lass are compared with the 

known structu res of two RRM prote ins ,  Drosophila S EX LETHAL, and human U 1 A. 

These comparisons ind icate that Mei2-l ike proteins  share some novel structures not 

present in the RRM prote ins crysta l ised so far. 

A p hy logenetic a na lys is of Mei2-l i ke proteins  is  presented which c learl y  ident ifies two 

g roups i n  p lants ;  one  inc luding the maize TE i p rotei n  and  Arabidopsis ortho logs TEL 1 

a n d  TEL2, and  a nother inc lud ing A rabidopsis AML 1 .  The evo l ut ion and  funct ion  of Mei2-

l ike genes i n  general  i s  discussed . 
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M ETHODS 

3 .2  tBLASTn searches to identify putative Mei2- l i ke g enes 

The c lass  of  Mei2-l i ke genes was first identified by  tBLASTn (prote i n  query aga inst 

nucleotide sequence database dynamica l ly trans lated in  a l l  read ing frames) using either 

the TE 1 or TEL 1 prote in  sequences, S uch searches ind icated that Mei2-l i ke genes share 

low overa l l  s im i la rity i n  RRM1 and RRM2 with canonica l  RRM proteins , and  much h igher  

s im i l a rity in  the th i rd RRM with a smal ler  group of  prote ins  (F igure 3 . 1 ) . 

A d ata  set of putative Arabidopsis Mei2- l ike genes was identified from the completed 

Arabidopsis genome (Th e  Arabidopsis genome I n it iative ,  2000) .  tBLASTn searches were 

conducted aga inst Arabidopsis genomic sequences us ing the TEL 1 ,  and then AML 1 

prote i n  sequences a s  queries . To ensure that that th is a p proach had  ident ified a l l  

Arab idops is  Mei2-l i ke genes, a l l  sequences whose tBLASTn E values were less t han  

those of  canon ica l  RRM proteins (such as sp l ic ing factors) were ana lysed, E val ues of 

a pproximately 1 0.6 , tBLASTn resu lts were a lso i nspected for the presence of the h ig h ly 

conserved th ird RRM (Section  3 .2 ) .  At least 7 kb  of each access io n ,  starting from 

a pp roxim ately 5 kb upstream of the easi ly recogn isab le th i rd RRM3 was used for further 

a na lys is .  To ensure that the Arabidopsis data set was non-redundant, a l l  sequences that 

were o n  the same chromosome were compared us ing  the GCG program gap. 
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Figure 3 . 1  tBLASTn searches indicate that Mei2-l ike genes are most similar at the 
third RRM. A typical result from a tSLASTn search of the non redundant genbank 
dataset using the TEL 1 protei n as query. Most genes are similar only at the N-terminus, 
corresponding to RRM 1 and RRM 2 of the TE1  query (blue line); a small subset of RRM 
genes (Mei2-l ike genes) are similar over the entire length, i ncluding the third RRM (pink 
l ine). Experience with such SJEAST searches has indicated that Expect values (E 
values) from Mei2-l ike �enes range from 1 0-164 to 1 0-10, canonical RRMs usually yield E 
values of less than 1 0-1 . 

3.3. Arabidopsis gene prediction methodology. 

Gene predictions that had been published in genbank were used as start ing points 

where available. The gene prediction programs Genscan (Surge 1 997, Surge 1 998), 

Netgene2 (Srunak 1 991 , Hebsgaard 1 996), and Genefinder (Solovyev ( 1 997), 

unpublished) (see References for all internet addresses) were used to identify possible 

splice sites. To determine which exons of those predicted were the most l ikely to be 

actual exons, the peptides they encoded were compared to the protein sequences of 

TE1 , Mei2, and AML 1 ,  for which cDNAs had been cloned (Veit 1 998, Hirayama 1 997, 
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Watan a be 1 994) . The program pile up in the Wisonsin Package (Wisconsin Package 

Vers ion 9 . 1 ,  Genetics Computer Group (GCG)) with gap weight 6 ,  gap extens ion weight 

1 would usua l ly  a l ign peptides from 'real '  exons with reg ions from known Mei2- l ike 

prote ins .  Th is  method made the assumption that Mei2- l ike prote ins were s im i la r  a long 

their entire l ength , and thus has  the l im itat ion that it w i l l  not identify cases where exons  

have recently been added/omitted during the  course of  evo lution .  

I n  most cases contin uous open reading frames cou ld  be assembled within sp l ice s ites 

that conformed to the Arabidopsis consensus '- In a few cases the proteins predicted 

would not h ave been produced as described without assuming s ing le  nucleotide 

sequenc ing errors. Two reg ions of the Arabidopsis genoQle (genbank accessions 

AB005249 and AC007505) produced marg ina l  tBLASTn E values, of the order of 1 0.7 to 

1 0.3 , depend ing on the query. Both these regions conta ined regions whose trans lat ion 

products were s im i lar to the h igh ly conserved region of RRM 3 .  However, automated 

gene p red ict ion programs did not assemb le  these reg ions i nto long open read ing frames.  

Closer scrutiny,  and manua l  attempts to assemble open read ing frames from possib le 

exon s  us ing pred icted sp l ice s ites revealed the presence of stop codons i n  many 

pred icted exon s  (not shown) .  The conc lus ion is  that these two regions  are either 

pseudogenes, or too d istantly rel ated to assemble by jo in ing exons that are s im i la r  to 

other Mei2-l ike genes. 

3 .4. P romote r  a na lys is 

To ensure that the ent ire p romoter of the Arabidopsis genes was used for a na lysis ,  

Netgene2 was used to identify the probable positi on  of the next gene to 5 '  of TEL 1 and 

TEL2 as fol l ows. Each genes genomic sequence was submitted to N etgene2 (Brunak 

1 99 1 , Hebsgaard 1 996) .  The output from th is server g ives a g raph ical  view of the 

probab i l ity that a sequence i s  coding  (F igure 3.2). The Netgene2 o utput was exam ined 

by eye for the first (or last) exon of the next gene upstream. Predicted genes p recede 

TEL 1 by - 1 799 nt, and TEL2 by -2400 nt. So that resu lts could be compared between 

te 1 ,  TEL 1 and TEL2, the m in imum length of 1 799 nt  upstream from the A TG start codon 

was used for promoter ana lysis .  From RT-PCR clon i ng of the TEL 1 and TEL2 

1. Consensus from the TAIR internet site. (see References). 
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transcripts , i t  was known that the transcripts extended at  least as far a s  the ATG that 

had been pred icted . These sequences ( te 1-p,  TEL 1 -p and TEL2-p i n  supp lementary 

fi les) were submitted to the i nternet search too l  PLACE (Vers ion 6 . 0 1 , see References 

for i nternet address) which searches a database of p lant  promoter e lements. Promoter 

e lement sequences were also compared by a mult i p le a l i gnment with the GCG programs 

pileup, and pretty (consensus p lu ral i ty 2) . 
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RES U LTS (3)  

3 .4. Seven A rabidopsis Mei2- l i ke genes have been identified 

3.4a. P red ict ion of Arabidopsis Mei2- l i ke genes 

The completed Arabidopsis genome data was used to comp i le  a set of Arabidopsis 

Me i2- l ike genes.  The a im was to identify a l l  the Mei2-l ike genes of A rabidopsis (see 

Table 3 . 1 ) .  The AML 1  (6rabidopsis Mei2-b.ike) cDNA had been identified from a screen 

of Arabidopsis c DNAs that could complement a Schizosaccharomyces pombe meiosis 

mutant (H i rayam a  1 997) . Eight addit iona l  genomic reg ions were identified by tBLASTn 

searches.  Gene p red iction programs (Section 3 . 3) were used to identify putative p roteins  

from s ix  of  these genomic reg ions ,  and  two further reg ions  cou ld d id  not  y ie ld  meaningfu l  

p red ictions .  The corresponding genes a re referred to a s  TEL 1 ,  TEL2 (1erminal sz.ar 1 -

like) , and AML2, AML3, AML4, AML5 (6rabidopsis Mei2-b.ike) accord ing  to their  

s im i larity to the corresponding c loned genes (see Section 3 .6  and 3 .7 ) .  Annotated 

genomic sequences for AML3, A ML4 and  A ML5 are included in  supplementa ry files.  

These fi les show the predicted exons, their cod ing potentia l ,  and the posit ions of a l l  

ESTs identified by B LASTn searches (sect ion  3 .4b) .  
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Figure 3.2. Netgene2 graphical output predicting probably of cod ing in the TEL 1 gene. 
The enti re 9642 nt of sequence (AP00060 1 )  was submitted to Netgene2 . Only part of the 
g raphical  output of the 5' region is shown. The start ATG is positioned at 3677 nt, and it is 
clear from the graph of coding probabil ity (top boxes, red) that another gene present up to 
about 1 500 nt (arrow). The orientation of this upstream gene was not determined . 

3.4b. Arabidopsis Mei2-like cDNAs and ESTs 

Genetic and molecular analysis of the maize te 1 gene has indicated that this gene is 

required for the correct positioning of leaf primordia in the shoot apical meristem (Veit 

1 998) . Because our i nterests were to extend our understanding of developmental 

processes of the shoot apex, we were most interested in the two Arabidopsis genes that 

were most si milar to the maize te 1 gene; TEL 1 and TEL2. RT-PCR was used to clone 

cDNAs from these two genes (V. Trainor, unpublished) .  The cDNAs were fou nd to 

conform to the predictions. A cDNA for the gene we refer to as AML2 was also cloned 

from seedling tissue (Bourdon 1 998). 
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Tab l e  3 .  1 Ara bidopsis Mei2� l i ke gen es 

Gene Genbank accession S AC C/some 
c l o n e  

TEU APOO060 
(800-7800,  D) 

TEU AC008 1 1 3  F 1 2A2 1 
(29000-36000) 

P osition3 Expression4 

End 1 .054 1 86 1 E7 SAM 
Start 2 .974668E7 I n  situ: Embryo 
End 2 .9860872E7 SAM 

cDNA c loning 
(Accession) 

Trainor 

1 05 

N otes 

A ML 1  AB0222 1 2  K22G 1 8  5 
(23200-30200) 

Start 3 . 1 47 7 1 8E7 N orthern: 
End 3 . 1 522632E7  Al l  adult tissues 

H irayama6 (086 1 22) C l oned by 
complementing S 
pombe meiotic mutant 

A ML 2  AC006931 F7D 1 9  2 
(2 1 900-28900) 

A ML3 AL 1 1 01 23 F 1 5J 5  4 
(23000-30000) , 
a lso AL1 6 1 548 

A ML 4  AL 1 63652 T28J 1 4  5 
(6800- 1 3800) also 
AL 1 63 9 1 2  

A ML 5  AC068667 F 1 5D2 
(29,000-33,000 R) 

AML 6 ?  AC007505 F28L2 2  
(43 ,000-53 ,000) 

A ML 7 ? AB005249 MXM 1 2  5 
(50,000-57000) 

Start 1 .8887852E7 
End 1 .9004056E7 

Start 1 .4874061 E7 
End 1 .4932488E7 

Start 406081 6 .0  
End 4 1 65423 . 0  

S ta rt 1 . 1 1 76639E7 
End 1 . 1 3 1 1 1 08 E 7  

Start 1 .60 1 9605E7 
End 1 .6 1 54 1 04 E 7  

Start 4342753.0  
End4426352.0 

cDNA: seedl ings 

EST: Green si l iques, 
Seedl ing hypocoty ls ,  
Adult rosettes 
EST: Roots, 
Developing seed, 
2 -6 week seedl ings 
E ST: Seedl ing 
hypocotyls, 2-6 week 
seedl ings 

EST8 

No tissue information 
No ESTs found.  

B ourdon7 

(AF 1 0 1  056) 

Annotated in genbank 
as F 1 5 D2.30 

P seudogene? (see 
text) 

3 These positions refer to the position in nucleotides of the BAC clone. Posit ions for BAC clones can be located at h ttp://\NlNW.ara bidopsis .org/servlets/mapper 
cl Sources of information for expression is  stated:  EST data , N orthern b lots , or  in situ hybridisation ,  or  source from which cDNA was isolated .  
S Cloned by RT-PCR from floral mRNA extract. Vei t  l aboratory, Trainor V. ,  unpubl ished.  
(, Hirayama T ,  Ish ida C ,  Kuromori T ,  Obata S,  S himoda C ,  Yamamoto M ,  S h inozaki K ,  Ohto C .  Functional c lon ing of a cDNA encoding Mei2-li ke prote in  from 
Ara bidopsis thal iana using a fission yeast p he romone receptor deficient m utant. FEBS Lett. 1 997 Aug 1 1  ;4 1 3( 1 ) :  1 6-20. 
7 Bourdon ,V. and Tin land , B  U n publ ished,  D irect S ubmission to Genbank .  
I solation and characterisation of ME I2 ,  t he  Arabidopsis homolog of the  Schizosaccharomyces pombe mei2 gene .  Submitted (22-0CT - 1 998) Department of 
D evelopmental B io logy, I nstitute of P lant  Sciences, ETH Zurich , Un iversitatstrasse, 2 ,  Zurich 8092 , Switzer land 
g Ara bidopsis ESTs that correspond to AC007505 by B LAST search range  from 6254 to 3400 nt 5' of the region encoding the reg ion identified by t B LASTn 
searches (VMVK N I P N ) .  
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Tab le  3 .2  EST h its from Ara bidopsis BLASTn searches of genomic  seq uences 

conta i n i n g  putative Mei2- l i ke genes 

Gene q uery 

AML3 

AML4 

AML5 

AC007505 

(AML6?) 

EST Accession 

AV555397 

W43784 

M395462 

AI998063 

T21 020 

AV545804 

AV543746 

BE528694 

AV523936 

AV552 1 44 

AV529706 

M650745 

M006464 

AV529784 

BE524842 

B E527698 

BE5307 1 2  

W4378 1 

B E522 1 6 1  

AV528631 

T04404 

AWOO4409 

E value 

0.0 

0 . 0  

0 . 0  

1 0-180 

1 0-9 

0 .0  

1 0-1 10 

1 0-74 

1 0-53 

1 0-40 

1 0-37 

0 .0  

0 .0  

1 0-1 45 

1 0-1 24 

1 0-90 

1 0-84 

1 0-79 

1 0-69 

1 0-62 

1 0-54 

1 0-22 

tissue 

green s i l iques 

3 day seedl ing hypocotyl 

mixed source 

rosette 4-7 weeks 

mixed source 

roots 

roots 

developing seed 

above ground organs,  2-6 week old seedl ings 

roots 

above ground organs,  2-6 week o ld seedl ings 

mixed source 

withdrawn from genbank 

2-6 week old above g round organs 

developing seed, 5-1 3 d ays after flowering 

developing seed, 5-1 3  d.a. flowering 

developing seed, 5-1 3 d.a.  flowering 

3 day old seedl ing hypocotyl 

developing seed,  5-1 3 d . a  flowering 

2-6 week old above groun d  organs 

mixed source 

mixed source 
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AAOO6249 1 0-1 9  this record was  removed at the  submitters request 

M605391 1 0-19 mixed source 

A I994379 1 0-10  not stated 

AB0053249 No  Sign ificant hits :2:0.67 



C ha pter 3 .  In silica ana lys is of Mei2-like genes 

-----------�- - -- -- -

3.5 .  Three RRMs can be identified i n  a l l  complete Mei2- l i ke g e n es .  

108 

Putative prote in  sequences of al l  complete p lant Mei2-l i ke genes ( TE1,  TEL 1, TEL2, 

A ML 1-5) and  S. pombe Mei2 were compared by mu lt ip le a l ignment us ing the GCG 

program pileup. With gap weight 6 ,  gap length weight 1 three reg ions  produced 

meaningfu l  a l i gnments (Fig u re 3 .3 ) .  The first two correspond to the canon ica l  R RM s  as 

previous ly described (B i rney 1 993) , and the C-termina l  reg ion to the th i rd RRM shared 

between TE1 ad Mei2 (described in  Veit 1 998) .  With in  the RRMs as  described by B i rney 

( 1 993) and the Pfam database, RRM1 is 4% ident ica l  and 2 1  % conserved , RRM2 is  

1 4 %  identical a n d  46% conserved, and R RM3 is  23% ident ical and  5 1  % conserved. 
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Figure 3.3. Alignment of all ful l  length Mei2-like genes. The peptide sequences for all Mei2-like gene currently known or predicted in 
this thesis were al igned with the GCG program pile up (gap weight 6, gap extension 1 ), and a consensus produced from this alignment with 
the program pretty (consensus plurality 5). Amino acids are colour coded, amino acid groupings are; CAIVLMFW , G , TSNQ , KR , P , EO , 
YH . The first two RRMs of Mei2 as defined in the Pfam database entry for the RRM domain, are indicated with a Iblack borderi, RNP-1 and 

RN P-2 submotifs are shaded. The third RRM was identified by a structure-guided manual alignment of Mei2-l ike genes with canonical RRM 
proteins ( Figure 3.4). The sim i larity of Mei2-like proteins beyond the RRMs, particularly about the third RRM. TE1 -like proteins (TE 1 , TEL 1 ,  
TEL2 )  share some insertions/deletions not present in the AM L group (AML 1 -5). The positions of the two m utations in S. pombe MEI2 that 
decrease (F240L), or el im inate (F644A) RNA binding are indicated with yellow backgrounds @j). The residues that occur either side of the 

introns are indicated with bold underline (e.g. FKQF). 
1 
TEL l  ---------- - --------- - - -------- - - -------- ---------- ---------- ---------- ---- -- ---- - - - - - - - - - - - - - - - - -- - 

TEL2 ---------- - - -------- - --------- - --------- ---------- - - -------- ---------- ----- - ---- --------- - ----------

TE l ---------- ---------- - - -------- - - -------- ---------- - - - ------- ---------- ---------- ---------- ----------

AML l KKTDMMPENQ GGRDRLSSMP KSSWTSESYQ LKPQSSPSGS HPSGSPNARN TTNG . . . . .  S QWESSLPSSS MSDLPSRKLR LQGS . DMLST M . . .  SANTVV 
AML4 KKNNPMPE . .  GGVDRSSNLP TSSWTS DSYQ LSQQSSLSGA LPSPIPNGRT TTND . . . . .  T HWESSLFSSS LSDLPSRKLR LPRS . DKLAP M . . .  SAN . .  . 
AML 3 ---------- - - -------- ---------- - - -------- ---------- - - -------- ---------- ---------- MASGLDHFS . . . . . . . . . .  . 
AML5 ---------- - - -------- - - -------- - --------- ----MDI PHE AEAGAWGILP GFGRHHHPSS DATLF . .  5MQ LSDNRDGFSL I DDTAVSRT . 
AML2 ---------- - - -------- --------ME LEPNKSLSAD MPSLLSRSSE AFNGGTGYRS SSDLSMPSSS LPTLFHEKLN MTDS . DSWLS FDESSPNLNK 
Mei2 
CODS 

1 0 1  

--------MI METESPLSIT SPSPSDST . . . . . . . . .  FQV DMEKTMHALP SSLLDS PLLS TNEHYPPKST LLLSGPSPIR 
---L------ - - - - -D- - - -

2 0 0  
TELl ---------- ---------- ---------- - --------- ---------- - - - - -MEDSR LFPF . VGN . L DPRAQEF IPF • . . . . . .  NP . .  ISSGFHFPY 
TEL2 ---------- ---------- ---------- - --------- ---------- - - - - -MSVTG PFSH . PTN . L NPTAPAFFPA I NQHQNQNPS LIPTRFPLPH 

TE l ---------- ---------- ---------- - --------- ---------- - -------MG GFPEATGNLL DAAAQEFHPT VCAPYPLQP . .  LPQQLYCPH 
AMLl THREEEPSES LEE IEAQTIG NLLP . DEDDL FAEVT . GEVG RKSRANTGDE LDEF . . . . .  D LFSSVGGMEL DGDIFS . . . . . . . . . . .  SVS . HRNG . . . .  . 

AML4 . .  REEE PSES LEEMEAQTIG NLLP . DEDDL FAEVV . GEGV HKSRANGGDD LDDC . . . . .  D LFSSVGGMEL DGDVFS . . . . . . . . . . .  SVS . QRDG . . . .  . 
AML3 . . . .  GGIGNM LDDGDSHPIG NMLPDDEEEL FSGLM . DDLN LSSLPATLDD LEDY . . . . .  D LPGSGGGLEL ETDPYD . . . . . . . . . . .  S . .  LN . KGF . . .  . 
AML5 . . . .  NKFNES ADDFESHSIG NLLP . DEEDL LTGMM . DDLD LGELP . . . .  D ADDY . . . . .  D LPGSGGGMEL DADFRD . . . . . . . . . . .  N . .  LSMSGP . . .  . 
AML2 LVIGNSEKDS LE DVE PDALE ILLPEDENEL LPGVI . DELN FTGLPDELDD LEEC . . . . .  D VFCTGGGMEL DVESQD . . . . . . . . . . .  NHA VDASG . . . .  . 
Mei2 NIQLSATKSS . . . .  ESNSID YL . .  TDTQNI FPNFVNNENN YQFSTAPLNP IDACRVGERK VFTT . GNVLL SADRQPLSTW QQNISVLSES PPQNGI . . .  . 

CODS - - - - - - - - -5 ----E---I - -LLP-OE--L - --------- ---------- ---------0 LF---GG-EL O-D------- - --------- - - - -G- - - - -

1 0 0  
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The th i rd R R M  of Mei2- l i ke genes i s  predicted to be structura l ly d ifferent from canon ica l  

RRM domains  

1 1 3  

The RRM doma in  i s  an  ancient structure that i s  p resent i n  a l l  eukaryotes ( Bi rney 1 993) .  A 

th reading  compar ison of five RRM-domain  structures i nd icates that the RRM fol d  has  been very 

h i gh ly conserved ( Fi gu re 1 . 2 ,  S Moore, unpub l ished ) .  S ince a defin ing  characteri st ic Mei2- l i ke 

prote ins  i s  the h igh  conservation of the th i rd RRM,  th is regi o n  was ana lysed more c lose ly9 

P red ict ions  of p rotei n  structure were generated by submitt ing each peptide sequence to the 

P redict P rote i n  Server ( Rost 1 996) .  The output ,  which consists of predict ions of a hel ix and G 
stran d  forming reg ions ,  was u sed to gu ide  an a l ignment of Mei2-l ike prote ins with the known co

o rd i nates of a he l i ces and  � strands present in Orosophila S EX LETHAL (SXL) and human U 1 A  

(Figu re 3 .4 ) .  Th is th i rd domain  o f  Mei2- l ike p rote ins i s  very s im i la r  i n  a lmost every case l O  and i s  

p redicted t o  contai n  a l l  the elements o f  canonica l  RRM proteins  and a lso a C-termina l  extens ion .  

Th is  reg ion  i s  a lways pred icted to  form an  a he l ix  and  two � strands ,  structures that are not  

p resent i n  any  of the RRM prote ins whose structures have been solved (Al l a i n  2000 ,  Conte 2000, 

C rowder 1 999 ,  Deo 1 999 ,  Ding 1 999 ,  I noue 1 999 ,  Kranz 1 999 ,  N agata 1 999 ,  Wang 2001 , Xu 

1 997) .  Mei2- l i ke p rote ins represent a variant  of RRM p rote ins  wh ich may be involved in some 

novel p rotei n-protei n  or p rote in-RNA i nteractions .  The th i rd p red icted a he l ix  of Mei2- l i ke prote i ns  

contain s  ten  residues ,  3 1 /2 turns o f  a hel ix .  Th is  he l i x  i s  u niformly po la r  o n  one s ide,  a n d  non  

po la r  o n  a nothe r  i n  a l l  Mei2- l i ke prote ins ,  and so  may  be partia l ly  imbedded i n  the  p rote i n .  

Compar ison o f  the so lvent-exposed res idues that i nteract with RNA i n  t he  known RRM structures 

with the structure-based a l ignments of Mei2-l ike p rote ins identified some residues that a re l i kely to 

i nteract with RNA (F igure 3 .4) .  These residues w i l l  be good cand idates for mutat ion stud ies a imed 

at  chara cteri s i ng  the RNA binding activity of p lant Mei2-l ike prote ins ,  and generat ing partia l  loss of 

fun ct io n  variants (see D iscussion ) .  

9 This a n a lysis w a s  conducted i n  col laboration with Stanley Moore . 
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Figure 3.4. Mei2-l ike proteins contain structural elements not found in other 
RRM proteins. To assemble this alignment re ions of Mei2-l ike proteins  that were 
predicted to form f3 sheets (blue background or a helices (green background 
were aligned with the known SXL and U 1 A  structures. Mei2-l ike proteins all contain  
an extension that i s  predicted to form an a helix and two f3 stands. Residues that are 
l ikely to i nteract with RNA are indicated with an asterix (* ) , the positions of the F644A 
point mutation that abolishes RNA binding in MEI2 is indicated ( ) . 
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Figure 3.5. The u nique C-terminal a helix of RRM3 has polar and non polar sides. A plot 
of the ten amino acid residues of the predicted a helix. The a carbon chain of a helices 
diverges by 1 00° with each residue. This helix is unique to the thi rd RRM of MEl2-l ike proteins, 
and has a polar side (red boxes), and a non polar side (blue boxes). Helices of this type are 
usually exposed at the polar side, and imbedded at the non-polar side. Some residues have 
sl ightly different conservation i n  TEL and AML group proteins. 
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3 .6 .  The i n tron pos it ions of p lant  Mei2- l i ke genes a re conserved 

Compar ison of the posit ions of i ntrons with in  a l l  compete p lant Mei2-l i ke genes with 

respect to the RRMs ind icates that there a two groupings of s im i lar  i ntron n umber 

and pos ition ,  the TE 1 - l i ke genes d iffer from the AML group ( Figure 3 .6 ) .  A l l  p lant  

Mei2- l ike genes have three introns  with i n  the region coding for the th i rd RRM. No 

s ign ificant s im i l a rity of n ucleotide sequence was detected with i n  these i ntron s  (see 

footnote) 1 1 .  

3.7 Comparison of te1 ,  TEL 1 and  TEL2 promoters. 

In situ express ion data ind icate that the TEL 1 ,  TEL2, and te 1 transcripts are 

expressed in  s im i la r, but  not  i dentica l ,  domains (Vei t  1 998; N Alvarez , 

1 16 

unpubl ished d ata) . These sequences were ana lysed for shared pro moter e lements 

using the plant promoter search too l  PLACE (Sect ion 3.4) .  A g ra p h  s h owing the 

positi ons  of al l  p romoter e lements detected by the PLACE search tool  (F igure 3 .7 )  

a l l ows comparison of  promoter element posit ions without too many assumpt ions 

(such as  d i rect conservation of posit ion ,  equivalent lengths of 5' u ntranslated reg ions ,  

overa l l  GC content) that  may lose data. The a l ignment and  consensus of  a l l  p romoter 

e lements produced with the GCG programs pi/eup a n d  pretty i nd ica ted  that there 

were no  reg ions that were conserved in  a l l  three promoters (supp lementary fi l e  

promoter element alignment). 

The P LACE output is shown graphica l ly in F igure 3 .7 . The various promoter 

e lements a re described in the P LACE website. Th i s  data requ i res further analys is ,  

and  promoter e lement  de let ion constructs dr iving the GUS gene are being produced 

in  the Veit l aborartory at present. There a re a lmost certa in ly  many m o re promoter 

e lements shown are funct iona l ,  and carefu l ana lysis (beyond the scope of th is thesis) 

combined with functiona l  data wi l l  be requ i red.  I n  parti cu la r, knowledge of the actua l  

transcript ion start s ites w i l l  he lp  determine  wh ich regions are promoter per se, and  

wh ich  are 5' u ntranslated regions . 

1 1  Four of the seven Arabidopsis Mei2-l ike genes (57%) have a stop codon in the first position of the 
conserved in tron at the start of the RRM3. However, g iven the nucleotide frequencies at Arabidopsis 
spl ice sites, the probab i l ity that a codon i n  this position wil l  be a stop codon i s  0.67.  Using the GCG 
programs pileup and  pretty to  show a consensus from al ignments of th i s  intron d id not detect any 
conserved sequences i n  these introns (not shown).  
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Figure 3.6. Intron positions are conserved in plant Mei2-l ike genes . The positi ons of the introns 
around the third RRM (red triangles) are conserved at the level of amino aid sequence. The lengths 
of proteins are shown as black li nes, with RRMs shown as red blocks, i ntron positions are ind icated 
with triangles. The TE 1 -l ike genes (te 1 ,  TEL 1, TEL2, in red font) have less i ntrons than the AML 
group (AML 1-5, in  blue font), S. pombe Mei2 has no introns. Putative proteins are ind icated with an 
asterix ,  each predicted protei n  shares exons structure with at least one cloned Mei2-l ike gene. 



Chapter 3. In silico analysis of Mei2-like genes 

te1 

TEL1 

TEL2 

If! • • • • • • x A. • 0 0 " 0 0 0 0 0 0 0 0 lOC X • ;# • • • 
• 0 

i . -• i i. • • 
. .. • 

6. .6  .. • . . 

• ;"l iI .. .. • .. .. I . · · 0 
0 .f i A • . .. • ... •• • • •• 0 

... .
. � 0 0 • • oX • • • .. A .. .. .. M .. • • • 

- . 
-� 

·2000 ·1800 ·1800 .1400 ·1200 ·1000 .80() ...., .... ·200 0 
• -300ElEMENT(-) • 2SSEEOPROTBANAPC", ARE1H • ARE2(-) aASF1MOTIFCAMV(-) 
• BOXI1NTPATps(+) . CMT80X1H oCACGTGMOTIF(+) .CANBNNAPA(-) X CCA1ATlHCB1(+) 
"CCAATBOX1(+) • CGACGOSAMV3H . OOFCOREZM(+) . OPBFCOREOCDC3(.) a EBOXBNNAPA(+) 
. GA.TABOX(-i • GT1CONSENSUSH • GT1CORE(+) . HEXAMERATH4(+) . ,80XCORE(-) 
. INTRONLO'NER(+) D lTRE1HVBlT49(+) .. L TRECOREATCOR15Ho MRE1/-) .MVS2AT(+) 
o MYBCORE(-) - MYBMOU�·) . MYBPZM(-) .MYBST1(-) o NTBBF1ARROlB(-) 
x PAlBOXAPq-) • POlASJG1(+) • POLlENllELATS2(.) o RAV1MTH a ROOTMOTIFT APeX 1( 
o S1FBOXSORPS1 L21(-) X SEF4MOTIFGM7S(+) . SP1SV40H .TATA8QX1(-) .TATABOX2(·) 
.TATABOX5(·) IITElOBOXATEEF1AA(·) 

If! ", . . . • • · • • • 
.. • • x .. x x 

� 
x • x )o(  

· 0 DD D ID D O  D <> <> D 0 0 O X X o • • •• . ,. • • • • • 
, . • . • • •  • 

• X .. • 
. · . 

, · • . I 
. . .. .. • • •  • .. , .... . . · ... • .. . . .  • • • . . . . . • . . • •  • • • • • • & & .. . ... & .. . � "'"  .. . &&4 • . 

• . . · 
· 

· 

·2000 ·'000 .,,,,, .,<00 ·1200 ·'000 .... ...,. .... .,.. 
• -300ElEMENTH . A8REOSRA821(+) ACGTABOXC+) . AMYBOX1(-) • AMYBOX2(-) 

. ARFAT(-) + ASF1MOTIFCAMV(-) laAUXRETGA1GMGH3(-) a BOXlINTPATP8(+) . CAATBOX1(-) 

CCA1ATlHCB1C+) . CCAATBOX1C+) 

ElRECOREPCRP1(-) . GA.TABOX(+) 

AMAATBOX(+) . MRE1C+) 

e MYBPZM(+) .MYBST1(+) 

a CIACADlANlElHC(+) 

. GT1CONSENSUS(+) 

x MYBATR022(+) 

e POlASIG1(+) 

. OOFCOREZMC+) • EBOXBNNAPA(+) 

. HEXMOTIFTAH3H4(+) _ IBOXCORE(+) 

_ MYBCORE(-) • MYBGAHVC-) 

• POLASIG2( +) - POlASIG3(+) 

e POllENl lELAT52(+) X OElEMENTZMZM 13(+)� RAV1AA TC+) a ROOTMOTIFTAPOX1C-) · RYREPEATBNNAPA(+ 

- RYREPEATlEGUMIN(+. $1 FBOXSQRPSl l21C+)X SEF4MOTlFGM7SC+) .SP8BFIBSP8Bl8(-) III SV4OCOREENHAN(+) 

.TATABOX5(-) • TATCCAYMOTIFOSR(-)ffTElO8OXATEEF1�+) 

• •  
• 0 0 0'0:10. 

o • 
.. 

,. .� 
. . .. 

.. 

1' . 
",: .. ; .:.,. 

.. .. & & 

·2000 ·1800 ·1600 ·1400 

-3OOCOREH 
AP3SV4O(-) 
CAHBNNAPA(+) 

.OPBFCOREDCDC3(+) 

IBOXC+) 

MRE1(-) 

MYCATR022H 

POlASIG3(+) 
SIFBOXSORPSll21(-) "".TA80)(2(·) 

a-300ElEMEHTH 
- AAF ... TH 
.CCMTBOX.l(-) 
• EBOXBNNA.PA(+) 
e IBOXCORE(+) 
• MYBCOREC+) 
ONTBBF1ARROlB(+) 

o POLlENllELAT52(-1 

_ SEF3MOnFGM(+) 

.,. ... TABOM{+) 

x 
.. 

. xx  
• 

• X 

& 
X • • . D g o 00 • • • 0 D D 0 6'  

• • 
o 0 a • 6 

0 
• 

· . . 

x • 
• .. 

• • III ri'w � .-. I·� .. . a • III • a a • • .. ... :- . '
. 

a • • 0. .... . . ... .. _ 

·'200 

. � a A &  . � & M . 
• 

·1000 -4 .. ·200 
. 2SSEEOPROTBANAP(+) aACGTOSGlUB1(-) .AMYBOX1(+) 

aBOXIINTP ... TPB(+) .CMTBOX1(+) .CACGTGMOTIF(+) 
_CGACGOSAM'f3(-) eCIACADlANlELHC(+) . DOfCOREZMH 

AGATABOXC-) wGT1CONSENSUSH _GT1CORE(_) 

D LTRE1HVBlT4Q(+) 6.lTRECOREATCOR I5(-) .MARTBOX(-) 
.MY8GN1V(+) 6MYBMOUSE(+) .MY8ST1(-) 

X02F3BE2S1(+) _POlASIG1(_) - POLASIG2(-) 
.PYRIMIDINE80XHV(-) oRAV1MT(+) w ROOTMOTIFTAPOX1(+) 
8SEF�M0T1FGM7S(+) asP8BFISSP8Bt8(+) IlSURElSTPAT21(+) xr ... TABOXSf") • TATCCAYMOTtFOSRC+) lITElOBOXATEEF1,AA(+) 

0 

1 18 

Figure 3.7. Promoter elements present in te1, TEL1 and TEL2 promoter regions. The PLACE 
server output from equivalent 1 799 bp of sequence upstream of the ATG (position zero on graphs) is 
shown. Clearly, many more promoter elements are predicted by PLACE than are functional .  A set of 
promoter deletion assays are in progress to analyse the functional domains of TEL promoters (Trainor, 
u npubl ished . ) 
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3 .8 .  A large n u m ber of Mei2- l i ke ge nes can be identified i n  p lants .  

T o  identify Mei2-l ike genes from other p lant  species tBLASTn searches were 

performed with a consensus 1 2 of the most h igh ly conserved RRM3 reg ion of the fu l l  

length Mei2-l ike proteins .  Searches aga inst ESTs were the most successful a t  find ing  

Mei2-l ike genes .  The I nstitute for Genomic Research (TIGR) has  compi led ESTs 

from a variety of sources into searchable, non-redundant complementat ion groups ,  

ca l l ed Gene I nd ices.  Gene ind ices were used in  preference to raw genbank ESTs, 

because they are often longer than ESTs and are closer to a non-redundant gene 

expression data set .  Each gene index was searched by tBLASTn with the RRM3 

consensus ,  and the read ing frame was establ ished by eye for any h its with an E 

va l ue  of less than 1 x1 0-6 Table 3 . 3  shows the l ist of genes whose tran slations 

produced mean ingfu l  a l ignments with pileup (gap weight 6,  gap extension weight 1 ) . 

A l l  othe r  T IGR gene indices (human ,  mouse, rat, Drosophila, Zebrafish ,  catt le ,  C. 

elegans, Trypanosoma brucei, Leishman ia ,  Schistomona mansonii, Trypanosoma 

cuzi, Plasmodium fa lciparum, Sacharromyces cerevisiae, Brugia malayi, Xenopus 

laevis, Onchocerca volvulus) , were searched i n  the same way, only p lant ind ices 

p roduced sign ificant h its. An a l ignment of the plant EST assembl ies i s  shown in 

supp lementary fi les (fi le :  gene index alignment) .  EST searches with the RRM3 

consensus produced a large number of s ign ificant h its against various p lant species, 

but n ever against metazoans.  

Genomic fragments of Petunia and rice Mei2- l ike genes have been cloned us ing 

degenerate PCR primers (Carmel Gi l lman ,  unpub l ished data) .  Petun ia  sequence was 

sought because there is a T-ONA insertion mutagenesis ( 'gene machine' )  p roject 

underway (Koes 1 995) that could identify a mutant, and  rice sequence because it 

may he lp  to ident ify a larger reg ion form the rice genome project. tBLASTn searches 

with these genes ind icated that the Petun ia  gene ( refe rred to here as  PML 1) was 

most s imi lar  to te 1 (E value 1 0-25) , and to TEL2 (E value 1 0- 1 9) .  The Rice gene Cgrg2, 

was very s imi lar  to te 1 ,  and has sequence e lements ind icating  that it is a member of 

the te 1 - l ike group rather than the AML-l ike g roup (not shown) .  

1 2  The consensus used was derived from the al ignment shown i n  F igure 3.2 ,  positions 873 to 1 001 , with 
a min imum consensus plural ity of 2. The consensus is :  
EDXRTTLMIK N IP N KYTOKMLLAAIDEHCKXXN EX IXX E G N KXXXXXOPXGTYDFL Y L P I D F KNKCNVGY 
AFIN MXSPEAIVPFYKAFNGKKWE KFXN SEKVASLXYAR IOGKXALlXHFO NSSLM N CE 
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One putative Mei2-l i ke gene of particu lar  i nterest is a rice genomic clone (accession 

AC073405) , that has a l l  the s ignatures of a Mei2-l ike gene, and appears to conta i n  

sequence of t h e  entire gene. T h e  cDNA, a n d  protein sequence have n o t  yet been 

predicted . tBLASTn searches ind icated that the RRM3 of this rice clone is  at 

- 1 30,000 nt into accession AC073405.  

Table 3.3 Mei2- l ike genes from plants 

Species Gene' Type E val u e  Tissue source(s) 

Soy TC2 1 873 TIGR EST assembly 7x1 0-43 Hypocotyl and p lumule of germinating 
seeds, mature flowers, young 
coty ledons, whole seedl ings without 
cotyledons 

AI460437 Sing le EST 1 x1 0-4 1 Roots 
B E058737 Single EST 3x1 0· 1 3  Immature flowers 
AW705893 Single EST 5x1 0·06 Immature seed coats 

R ice TC305 1 5  T IGR EST assembly 1 . 5x1 0-43 Etiolated shoot, cal lus, panicle at 
flowering stage,  immature seed 

CGRG2 Genomic PCR nuclear DNA, tissue unknown 

product 
AC073405 Genomic clone 6x1 0- 14  nuclear DNA, tissue unknown 

Tomato TC44969 TIGR EST assembly 1 x1 0-38 Cal lus, breaker fruit, mature green fruit 

TC4421 8  TIGR EST assembly 4x1 0-29 Pre-anthesis buds 

AW621 483 Single EST 9x1 0-1 9 Roots 
TC36824 T IGR EST assembly 3x1 0- 1 4  Mixed elicitor, flower 0-3 mm buds 

Maize TC45080 TIGR EST assembly 9x1 0-44 Roots, anther/pollen 
TC37862 TIG R  EST assembly 3x1 0-33 Roots, anther/pol len 

TC37987 TIGR EST assembly 7x1 0-26 Leaf primordia,  tassel 

TC3981 1 T IGR EST assembly 1 x 1 0-08 Glume, early embryo 

Potato N i l  

Med icago AL38661 7  Single EST 4.6x1 0-43 Roots 

AW25721 1  Single EST 9 .2x1 0-36 Roots 

TC7081 TIGR EST assembly 1 .4x1 0-23 Roots 

TC1 5332 TIGR EST assembly 8 .9x1 0-20 Roots 

Sorghum TC606 T IGR EST assembly 4 . 7x1 0-1 4  Anthracnose-infected leaves 

Wheat B E4 1 59 1 2  Single EST 6 .5x 1 0-44 Young spikelets 

B E405924 Single EST 1 .6x 1 0-1 7  Roots 

Petu nia PML 1 Genomic PCR nuclear DNA, tissue unknown 

product 

1 Gene names are either T IGR gene index names (for EST assemblies) ,  names of degenerate PCR 

clones(*) , or genbank accession numbers. A prediction for the exon positions of  Cgrg2 was made with 
Gensca n ,  using the maize parameters. 
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3 .9 . Mei2- l i ke genes from taxa other  than p lants 
" 

The most sensit ive BLAST search for p lant sequences used the RRM3 consensus as 

a query aga inst ESTs. Us ing these criteria to search aga inst fung i .  an ima ls ,  and a l l  

ESTs found on ly one s ign ificant h i t  other than those o f  plants and  

Schizosaccharomyces pombe: an EST from Pneumocystis carinii with an E valu e  o f  

6x1  0-1 9  (access ion AW332476). P carinii i s  an  ascomycete fungus that is  related to  

Schizosaccharomyces pombe. An a l ignment o f  th is sequence with a l l  other complete 

Mei2-l i ke prote in  sequences ind icated that th is is certa in ly a Mei2- l ike gene 

(supp lementary fi le :  Pneumocystis alignment) .  A tBLASTn search with the RRM3 

consensus showed one relatively i nsign ificant h i t  from the incomplete Neurospora 

genome project database (E va lue 0 . 00 1 )  (see footnote 1 3) .  

3 . 1 0 .  Phylogenetic ana lysis Mei2- l i ke genes 

3. 1 0a .  Phy logenet ic  ana lysis of  complete Mei2-l i ke genes. 

The a l i gnment of a l l  complete Mei2- l ike protei n  sequences (TE 1 ,  TEL 1 -2 ,  AML 1 -5 )  

was adjusted manua l ly for mis-a l igned reg ions ,  and used to i nfer the relationsh ips 

between these genes us ing maximum parsimony, maximum l i ke l ihood and ne ighbour  

jo in i ng  methods with the package PAUP*.  Gaps ,  o r  reg ions that  d id not contain a 

convinc ing a l i gnment of a l l  genes, were excluded from the a nalysis .  Standard

weighted parsimony trees indicated strong support for three main  c lades, 

the terminal ear- l ike g roup (te 1 ,  TEL 1 ,  TEL2) (TEL g roup) , 

the AML 1 -l ike group (AML 1-5) (AML group) 

Mei2 

With a Goloboff correct ion of 2 ,  wh ich down weights less conservative s ites that may 

have been satu rated , these clades remained unchanged. Mei2 was consistently 

posit ioned as an o utgroup .  When funct iona l  g roups SfT and I/LN were coded 

together, which cou ld correct for non-phylogenet ic  b ias ,  such as GC content, a l l  the 

c lades rema ined (F igure 3 . 8 ) .  

1 3  Neurospora crassa sequence contig 1 . 1 01 1 . 
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These g roups are cons istent with the two types of exon structure (F igure 3 .6 ) ,  and 

the presence of severa l  i nsert ions/delet ions in  TE 1 and TEL 1 /2 prote i n  sequences 

(F igure 3 . ) ,  even when such i nsert ions are not  i nc luded in data used to bui ld the tree. 

3 . 1 0b.  Phy logenet ic a na lysis of incomp lete Mei2- l i ke gene sequences a n d  

ESTs. 

The prote i n  sequences from al l putative and c loned Mei2-l ike genes inc lud ing ESTs 

were a l igned manua l l y .  For many ESTs this i nc ludes only the reg ion  around the th i rd 

RRM . Those ESTs that were very short ,  and would l imit the data set ava i lab le  for 

tree-bu i ld ing  were excluded.  Us ing th is  larger set of Mei2- l ike protei n  seq uences,  

inc lud ing TIGR gene i ndex data , and the Pneumocystis gene (PcAW332476) 

confi rmed the TEL and AML clades. Al l  ESTs c lustered consistently with Arabidopsis 

AML group genes (F igure 3 .9 ) .  A common practise i n' developmental b io logy i s  to 

tentat ive l y  ident ify ortho logous protein s  (those that have the same funct ion)  by c lose 

sequence s im i l a rity. N o  clear maize, rice , o r  wheat ortho logs of the te 1 gene were 

identified in this way. 
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Figure 3.8. Three groups of Mei2-l ike genes have strong support in maxim um 
parsimony trees. A maximum pars imony tree showing the relationships of all 
complete Mei2-l ike genes. The TEL group (TE1 , TEL 1 ,  TEL2), and the AML group are 
from plants, MEI2  is from Schizosaccharomyces pombe. AML 1 and AML4 are very 
similar and always group together. In this analysis the functional groups S=T, I=V=L 
were coded together, and a Goloboff correction of 2 was used to downweight rapidly 
changing sites in the alignment. Numbers indicate support for clades from 1 000 
bootstrap replicates. 
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Figure 3 . 9 .  Al l  Mei2-l ike ESTs identified group with the AML type. Trees were built from an 
alignment of a l l  ESTs that were of sufficient length, and adjusted manually. The data set 
included 2 1 8  characters, gaps were i ncluded, coded as no data. Three main clades were 
consistent regardless of tree building parameters, the Ascomycota group (S. pombe Mei2 and 
the P. carinii EST PcAW332476), the AML group (blue branches), and the TEL group (red 
branches) . This particular tree was constructed with parsimony, bootstrap values from 1 000 
replicates that were above 50% are i ndicated. Each protein  is given a prefix indicating the 
species sou rce; Le Lycopersicum escu/entum, Gm Glycine max, Zm Zea mays, At Arabidopsis 
tha/iana, Os Oryza sativa, Ta Triticum aestivum, Sp Schizosaccharomyces pombe, Pc 
Pneumocystis carinii. 
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DISC USSION (3) 

3.11 .  F u n ct ion and biochemistry of MEI2 with res pect to p lant 

Mei2- l i ke genes 

125 

The S. pombe Mei2 gene has been intensively studied (Watanabe 1 988;  Watanabe 

1 994 ; Watanabe 1 997; Yamashita 1 998; Sh inozaki-Yabana 2000),  i t s  gene product 

is the on ly Mei2-l ike protein  for wh ich there is any b iochemical  data. Because the re 

has been considerab le  evo lut ionary t ime s ince funga l  and p lant  Mei2-l ike gene 

diverged and the genes functio n  in very d ifferent b io log ical  contexts ,  p roposit ions  

about p l an t  Mei2- l i ke gene  fun ction and activity based on Mei2 must be ana lysed 

very careful ly .  A d i scussion of the current u nderstand ing  of Mei2 function ,  and the 

evidence that each part icu lar aspect of funct ion  is app l icable to p lant Mei2- l i ke genes 

fol l ows.  

3 . 1 1 a .  The bio logica l  context of Mei2 and p lant  Mei2- l i ke genes 

The Schizosaccharomyces pombe Mei2 gene product i s  cruc ia l  for commitment to 

meiosis ,  but  is  not requ i red for normal  m itotic g rowth.  The gene i s  expressed at a low 

level i n  m itotic cel l s  and higher l evels of tra nscription  are induced by the STE 1 1 

transcr ipt ion factor i n  conditions  of nutrient starvatio n  i n  response to l ow i ntracel l u la r  

levels of cAM P  (Watanabe 1 988) .  I nvestigat ion o f  a temperature sensit ive a l le le ,  

mei2-33, i ndi cated that  the gene is  requ i red for  two stages of meios is  (Watanabe 

1 994) . A d ip lo id  stra in  carry ing mei2-33 was meiosis-competent at 25°C,  and 

defic ient at 3JDC .  At the semi-restrictive temperature of 3 1 . 5°C the mei2-33 strai n  

w a s  a b l e  t o  perform p remeiotic DNA synthesis ,  b u t  w a s  unab le  t o  carry out 

subsequent meiotic d iv is ions (meiosis I ) .  Stra ins l ack ing Mei2 entirely (mei2L1) d o  not 

carry o ut premeiotic DNA synthesis or  meiosis I .  

At present there is  no  strong evidence to suggest that a n y  part icu l a r  p lant Mei2- l i ke 

gene regu lates the commitment to meiosis .  Although the ma ize te 1 tra nscript is  

expressed in  ears and tassels ,  (Sect ion 2. 1 2) ,  a l l  the mutant  te 1 a l le les produce 

viab le  gametes, includ ing p lants with part ia l  transformatio n  of tassels  i nto ears. The 

Arabidopsis A ML 1 gene was c loned by its ab i l ity to complement an S. pombe steroid  
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receptor m utant l4 that i s  meios is defic ient and acts upstream of mei2 (H i rayama 

1 997) . Although expression  of the AML 1 cONA from the constitutive S.  pombe adh 

promoter a l l owed steroid receptor mutant to sporu late with low effic iency, i t  cou ld not  

rescue mei2L5. stra ins .  There is currently no support ing evidence for AML 1 function ing 

in  meiosIs I n  Arabidopsis. Of those Arabidopsis genes whose expression domains 

are known by in situ hybridisat ion (AML 1 ,  TEL 1 and TEL2) , on ly  TEL 1 i s  expressed 

in  meiot ic t issues ( Iocules enc los ing the po l len sac) ; pre l im inary genetic evidence 

suggests, however, that TEL 1 T-ONA knockouts produce viab le po l len (N Alvarez, 

unpub l ished data) . 

3. 1 1  b. RNA dependent local isation 

M E I 2  protei n  fun ct ion i s  dependant on a n  untrans lated RNA species , me iRNA. The 

meiRNA gene (sme2) was identified as a high copy number suppresser of the mei2-

33 mutant ,  subsequent delet ion of the sme2 locus resulted in stra ins  that could not 

sporulate (Watanabe 1 994) . The 0 .5  kb sme2 transcript was induced by n itrogen 

starvatio n ,  was polyadenylated , and contained several short open read ing frames 

(ORFs) .  The sme2 transcript appears to act  as a n  RNA s ince d isru pt ion any of the 

ORFs in  the sme2 gene d id not affect meios is ,  and the MEI2 protei n  was shown to 

b ind the meiR NA in vitro and to form a complex in vivo (Watanabe 1 994) .  

The meiRNA i s  requ i red for the local isat ion of M E I 2  to a specific point i n  the n uc leus 

du ri ng  meios is (Yamashita 1 988) . This ' Mei2 dot' was a smal l  po int  of ME I2  

accumu lat ion that formed in  a posit ion between the centromeres and t he  sp ind le po le 

body after the onset of  meios is .  GFP: M E I 2  fus ion constructs remained predominant ly 

cytop lasmic i n  stra ins  lacking the meiR NA. I t  appears that the meiRNA-ME I 2  

complex itself is  required for correct loca l isation s ince GFP:MEI2-F644A derivatives, 

carry ing the mutation  i n  RRM3 that abo l ished meiRNA b ind ing in vitro, were not 

correctly l ocal ised.  Also ,  fluorescent in situ hybrid isatio n  studies showed the meiRNA 

to be co- loca l ised with the ME I2  protei n  i n  the Mei2 dot. The l ocal isat ion of ME I2  by 

associati on  with the meiRNA is  devel opmenta l ly contro l led ,  and very p recise; the 

Mei2 dot is m uch smal ler than the nucleus,  and does not appear to correspond to the 

nuc leo lus (Yamashita 1 998) .  When GFP :ME I2 :NLS fus ions were l oca l ised to the 

nuc leus they were d istributed more evenly throughout the nuc leus .  The n uclear 

i mport apparatus that produces the R NA dependant l ocal isation  of M E I 2  appears to 

14  AML 1 complimented a doub le  mutant for S .  pambe map3 and m am2, two types of pheromon e  
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have been conserved throughout evolution ,  s ince the ME I2 prote in shows meiRNA

dependant local i sat ion in mammal ian cel ls (Yamash ita 1 998) .  Th is is  surpr is ing s i nce 

no Mei2-l ike genes have been found i n  metazoans,  and could be interpreted to mean 

that  the ME I2-meiRNA complex conta ins one example  of th is  type of n uclear 

loca l i sat ion ' s igna l ' ,  others that cannot be recognised by sequence s im i lar ity may st i l i  

functi on  in mammal ian cel ls .  

Whi l e  there is i nd i rect evidence that p lant Mei2-l ike gene b ind RNA (see below) ,  

there is  no  information at present a bo ut the RNA target(s ) .  I t  seems l i kely that 

Arabidopsis AML 1 was able to bind the S. pombe meiRNA in  complementat ion 

experiments (H i rayama 1 997) ,  but no pub l ished studies have shown AML 1 b ind ing to 

Arabidopsis RNA FASTA searches of Arabidopsis ESTs with the meiRNA did n ot 

identify sequences i n  Arabidopsis that were very s imi lar  to the meiRNA (see 

footnote 1 5) . S uch a search is  by no means conclusive, if Arabidopsis Mei2- l i ke 

prote i ns  do have a meiRNA analogue,  the RNA may be very d ifficu l t  to locate by 

sequ ence. S ince the ME I2  protei n  shows meiRNA-dependant local isat ion in 

mammal ian cel ls it seems l i kely that th is mechan ism wi l l  a lso occur in plant cel l s .  

Th is hypotheS is is  currently be ing  tested i n  the Veit laboratory by  trans ient 

expression of M E I 2  and meiRNA in p lant cel ls .  

Both maize te 1 and Arabidopsis TEL2 were expressed in Arabidopsis with n uclear 

loca l isat ion tags (th i s  study) .  In both cases there was n o  evidence that nuclear 

loca l isat ion i s  requ i red for funct io n  (Chapter 5 , see d iscussion Sect ion 5 . 1 3 ) .  

Because of the possib le redundancy of the Arabidopsis genes TEL 1 and TEL2 ,  and 

the fact that te 1 i s  not  a native Arabidopsis gene ,  these experiments a re not ent irely 

conc lus ive. I t  remains  to be seen if  any of the p lant Mei2- l ike prote ins are n uc lear 

l ocal ised without synthetic nuclear local isat ion tags .  Transgenic Arabidopsis plants 

expressing GFP :TEL2 fus ions were being produced i n  the Veit laboratory whi le th is  

thes is  was being written .  

receptors, the M-factor and t h e  P-factor receptors (Hirayama 1 997) . 
1 5  The best FASTA search hits with meiRNA against Arabidopsis ESTs were BE039 1 35 (E value 0.22) 
which i s  s imi lar to homogentisate 1 :2-dioxygenase mRNA sequence, and to two other ESTs wih 
unknown function , AA007 1 1 8  (E value 0 .68) and AA007 1 1 8  (E value 0 .7) . 
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3 . 1 1 c.  RNA b ind ing  activ ity of MEI2  and plant Mei2- l i ke genes 

One of the most intrigu ing features of MEI2 is that the RNA binding activities a ppear 

to be requ i red at several stages during meiosis ,  and that there is pro bably more than 

one RNA target .  Analysis of the temperature sensitive mei2-33 al le le ind icated that 

M E I 2  is requ i red for premeiotic DNA synthesis (Watanabe 1 994) . Th is al le le performs 

premeiotic DNA synthesis but not meiosis I at a semi restrictive tem perature and is 

the result of a point mutation that converts phenyla lan ine 240 to leucine ( F240L) .  

Th is  m utation ,  wh ich  is within the  RNP-1  octamer of  the  N-termina l  RRM (RRM1 ) , 

reduced, but did not abol ish , the abi l ity of MEI2 to b ind the meiRNA in vitro 

(Watanabe 1 994) . I t  seems that the RNA binding of the C-termina l  RRM (RRM3) is 

requ i red for premeiotic DNA synthesis as wel l .  A site d i rected mutation in  a 

conserved res idue of the RRM3 (F644A) completely abol ished meiR NA binding in 

vitro was not ab le  to complement the meiosis deficiency of mei2t1 stra ins .  Stra ins  

with th is  mutation are not  able to  undergo premeiotic DNA synthesis. Taken together, 

th is  evidence suggests that both RRM1 and RRM3 are requ i red for ME I2  to promote 

premeiotic DNA synthesis .  

Secondly,  G F P  fusion with the MEI2 protein carry ing a mutation in  RRM3 that 

a bol ished RNA bind ing (GF P : M EI2-F644A) were not loca lised to the Mei2 dot, 

ind icat ing that meiR NA-ME I2 complex transport is another activity of ME I2  that 

requ i res RNA b ind ing ,  separation of these two phenotypes in  the mei2-33 mutant 

ind icates that these. two functions requ i re different conditions, perha ps only more 

stringent b ind ing of the meiRNA 1 6. 

F ina l ly ,  the R NA binding abil ity of MEI2 is required in  the nucleus after meiRNA

dependant n uclear local isation .  The MEI2  protei n  is not correctly local ised in meiRNA 

defic ient (sme2t1) strains,  but when the MEI2 protei n  i s  local ised to the nucleus by 

fus ing it to the SV40 nuclear local isation signa l  (ME I2 :NLS) it promotes meiosis in  the 

a bsence of meiRNA. However, when ME 12-F644A protein ,  which has a mutation in  a 

crit ica l residue for RNA binding,  is nuclear local ised by the SV40 N LS it fa i ls  to 

promote meiosis (Yamashita 1 988) .  Hence, RNA b ind ing i n  the nucleus appears to 

be requ i red,  but the meiRNA target a ppears to be d ispensable. It seems that some 

other R NA is required , although the meiRNA does co-local ise with the ME I2  prote in 

the Mei2 dot i n  wi ld type cel ls. At present there is no  information about the other RNA 
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target(s) of ME I2  in the nuc leus ,  Whi le the posit ion of the Mei2 dot is very precise, 

and constant with respect to the centromeres and the spindle po le body,  it has not 

been conclusively associated with any part icu lar  R NNprotei n  complex, 
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From the conservation  of RRMs in  p lant Mei2-l i ke genes, it i s  clear that they b ind 

R NA Two mutat ions i n  S,  pombe MEI2 have been shown to affect RNA b ind ing ,  One 

in  the th i rd RRM (F644A) , abo l ishes RNA bind ing ,  and th is  posit ion is  ident ical i n  a l l  

Mei2- l i ke genes (F igure 3 . 5) .  Another mutation  i n  RRM 1 (F240L) decreased the 

affinity of ME I2  for the meiR NA, and tyrosine is  the consensus for th i s  posit ion in 

Mei2-l i ke genes.  Studies of de let ion derivatives of ME I2  ind icated that on ly RRM3 is  

requ i red for funct ion (Watanabe 1 997) . Th is reg ion is  the most h igh ly  conserved in  

Mei2-l ike genes,  wi th several reg ions of identity that extends beyond the canon ica l  

RRM structure , s o  ind ications  are that the th is C-termina l  motif i s  crucia l  for function .  

3. 1 1  d .  Phosphory lation  of  Mei2- l i ke proteins 

The activity of the M E I2 p rote i n  is  negatively regu lated by phosphory l ation .  When 

mei2 was expressed in  Pat1  L1 stra ins they in it iated meios is ,  but this activity was 

repressed in  Pat r  stra ins .  The PAT1 ser ine/threon ine k inase  was shown to 

phosphory late M E I 2  in vitro, and to form a complex with PAT1 in vivo (Watanabe 

1 997) ,  The two res idues of M E I 2  that were pr imari ly phosphory lated Ser438 and 

Thr527 ,  which are between RRM2 and RRM3, were identifed by tryptic 

phosphopeptide mapping of in vivo phosphory lated ME i2 ,  and confirmed by 

product ion of a protein  conta in ing a lan ine at these posit ions (ME I2-SATA) (Watanabe 

1 997) .  I nteresting ly  u ltravio let c ross l inking  experiments ind icated that 

phosphorylation  d oes not s ign ificantly affect the RNA-b ind ing ab i l ity of ME I2 .  The 

Pat 1  k inase gene is  i nh ib ited by d i rect associatio n  with ME I3 ,  which acts as a 

pseudosubstrate, The combinat ion of upregu lated Mei3 expression ,  Mei2 and sme2 

(meiR NA) expression a l l  contr ibute to the level of u n phosphorylated ,  and loca l i sed 

M E I 2 .  

At present, there i s  n o  evidence that p lant Mei2-l i ke genes a re phosphory lated .  The 

amino  acid sequen ce around the residues that a re phospho ry lated in ME I2 ,  Ser438 

and Thre527 i s  not h igh ly conserved in  p lant Mei2- l i ke genes (F igure 3,3) .  NetPhos 

(Slom 1 999) , a neural network-based method for p redicting potent ia l  phosphory lat ion 

s i tes i n  protei n  sequences, p redicts a large number of serine/threon ine kinase s ites in 

1 6 The protein product of the me12-33 temperature senstive a llele showed reduced binding to  the 



Chapter 3 .  In silico a na lysis of Mei2- l ike genes 

TE1 , TEL  1 and TEL2 prote in  sequences (28 ,  20 and 7 s ites respectively) (data not 

shown ) .  Without b iochemica l  studies ,  o r  a more deta i led understand ing of which 

res idues a re i n  conserved posit ions on the surface of the proteins  it is d ifficu lt to 

interpret this data. 

'3. 1 1  e.  I n te ract ion with MIP1 WO repeat prote i n  

The S .  pombe Mip 1  gene was identified a s  i nteracting  with Mei2 i n  a screen for h igh  

copy n umber  suppressors of the  ME I2  derivative M E I2-SAT A, which cannot be  

phosphory lated by PAT1 k inase (Sh inozaki-Yabana 2000) .  M ip 1  encodes a WO

repeat p rote in ,  which i nteracts in the cytoplasm with M E I2 prote in ,  on ly  i n  

u n  phospho ry lated form. Genet ic evidence ind icated that M ip 1  is  requ i red for M E I 2  

fun cti on .  M ip 1  a lso appeared t o  b e  involved with conjugat ion a n d  t o  associate with 

other p rotei n s  in vivo . 

Prote i ns  s im i lar to M ip1  have been found by genome projects i n  other eukaryotes 

inc lud ing  Arabidopsis l7 ,  but their funct ions have not been stud ied . The authors note 

that s i nce S. pombe M I P 1  is requ i red for mitotic as wel l  as meiotic g rowth ,  and 

interacts  t rans ient ly wi th ME I2 ,  i t  may act as a k ind of mo lecu lar  chaperone.  

3.12 .  Evolut ion and derivation of Mei2- l i ke genes 
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Phy logenetic ana lysis of Mei2-l i ke genes indicated that there were three ma in  g roups 

of genes ,  terminal ear1- l ike (TEL group) ,  A ML 1- l ike (AM L  group) and the 

Ascomycota g roup from Schizosaccharomyces pombe and Pneumocystis carinii 

(Sect ion  3 . 1 0) .  Ne ighbour jo in ing trees indicated that the distances between these 

g roups  were about equal , that is ,  both AML and TEL type  genes are equa l ly  d istant 

from the ascomycete genes (not shown) .  The two p lant  groups appear to have 

unde rgone  a considerab le degree of evo lut ionary change,  and may funct ion  via 

d i fferen t  b iochemical mechan isms, and i n  d ifferent b io log ical  contexts .  It is c lear a lso 

that some recent d ivergences in  p lant Mei2-l ike genes have occurred,  most notab ly 

AML 1 /AML4,  which a lways g roup together. 

meiRNA than the wi ld type protein at  35°C, but  affin ity was una ltered at  25°C (Watanabe 1 994). 
17 The Arabidopsis Mip1 -l ike protein accession is T 1 60 1 1 .22 .  
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The quest ion of whether Arabidopsis TEL 1 or TEL2,  or  both are fun ct iona l  orthologs 

of the maize te 1 gene has not been answered by th is analys is .  Neither the Kish ino

Hasegawa test (K ish i no  1 989) ,  nor  the Templeton (Wi lcoxon s igned-ran ks) and 

w inn ing-sites test (Templeton 1 983) i ndicated statist ical support for any particu la r  

g rouping  of  te 1 .. TEL 1 or TEL2 (not shown) .  

3. 1 3. Funct ions of  p lant Mei2- l i ke genes 

The mutant phenotype,  and in situ expression pattern of  te 1 1ed to specific models of 

gene funct io n  (Veit 1 998) . The accumulatio n  of te 1 gene products were thought to 

influence the precise position ing of leaf pri mordia , and on  a molecular leve l ,  to act as 

a m olecula r  switch between leaf and i nternode fates .  The semicircu lar  ring  

express ion pattern shown in  maize SAMs has now been foun d  in  embryo  t issue (N  

Alvarez. u npub l ished data) . The  te 1 transcript has  been detected by  RT-PCR i n  early 

tassel and ear t issues at approximately the same level as SAM tissue (th i s  study ,  

Section  2 . 1 2) .  It i s  conceivable that  te 1 functio n  i s  very s imi lar  i n  these t issues .  

Several sources of data suggest that  TEL 1 and TEL2 perform redundant  fun ct ions  in  

Arabidopsis that  overlap  with the fun ct ion of te 1 in maize. Homozygous T-O NA 

i nsert i on  mutants of TEL 1 show n o  clear phenotype (Carmel G i lma n ,  u npub l ished 

data) .  compared to the many te 1 mutant al le les that show a clear mutant phenotype. 

Statistica l  tests show that, by sequence, both TEL 1 and TEL2 are equa l ly s im i lar  to 

te 1 (Sect ion 3 . 1 2) .  The in situ expression domains of TEL 1 and TEL2 provide more 

evidence that these Arabidopsis TEL group genes have s l ightly d ifferent funct ions ,  

but  that  they may overlap (N Alvarez , unpub l ished data ) .  TEL2 appears most  s im i lar  

to  le 1 in  that i t  is  expressed in  regions of the SAM that  are not recru ited i nto leaf 

pri mord ia ,  i n  the case of Arabidopsis th is is an  the central zone of vegetative and 

i nflo rescence SAMs ,  TEL 1 i s  expressed throughout vegetative SAMs.  TEL 1 i s  a lso 

expressed i n  the heart shaped embryo SAM, coty ledons and root meristem. Because 

of the apparent overlap in function ,  it i s  l i kely that TEL 11TEL2 double m utants w i l l  be 

requ i red before any mutant phenotype is  clear. 

The funct ions of AML g roup genes is  sti l l  less clear. These g enes have been isolated 

fro m  a variety of plant tissues (see Tables 3 . 2  and 3 .3 ) ,  the s ing le pub l ished ana lysis 

of  A ML 1 (H i rayama 1 997) ind icated that the transcript was p resent in approximately 

equa l  quantit ies in s i l iques,  roots , leaves shoots and flowers. 
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3. 1 4. C o nc l u d i n g  remarks 

This study has ident ified a new fami ly of RNA b ind ing prote ins in  p lants. Our  

understand ing of p lant Mei2- l i ke gene funct ion is just beg inn ing .  Whi le  in situ data 

and m utant a nalys is ind i cate that the TEL group gene funct ion in  a developmental 

context. even the b road funct ions of the AML group genes are not known. Whi le  

there are sequence s imi larit ies between MEI2 and the p lant  Mei2- l ike proteins ,  i t  

seems that  p lant genes have been recru ited to  a variety of  developmental funct ions 

132 
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C HAPTER 4.  EXP RESS I O N  O F  T H E  T E 1  

P ROTE I N  I N  H ETE RO LOG O U S  H OSTS A N D  

P RO D U CT I O N  O F  ANTI BO D I E S  

4. 1 ABSTRACT 

Three  E. coli express ion systems and a Pichia pastoris system were used i n  attempts to  

produce suffic ient quantit ies of purified ful l  length TE 1 prote in for b iochemical  studies. 

On ly the amino-termina l  ha lf of  the protei n  was efficient ly expressed. P olyclona l  

a nt ibod ies raised aga inst th is amino termina l  port ion produced as a fus ion with the 

maltose b ind ing prote in  (MBP :TE 1 .286) were shown to have activity aga inst both the M B P  

a n d  T E  1 ·286 pept ides.  These a nt ibodies were affin ity purified aga inst the M B P:TE 1 ·286 

fus ion  prote in ,  but th i s  sera showed cross reactivity to other prote in  from maize extracts 

that precluded its use for experiments requ iring  specific detect ion of the TE1  p rote in .  

S ince the  C-termina l  RRM,  which cou ld  not  be  p roduced i n  s ign ifican t  quantit ies ,  is  

probably a requ i rement for ful l  p rote in fun ct ion  in vitro prote in stud ies were not  

attem pted . Possib le reasons for the d ifficult ies i n  expressing the protei n  are d i scussed, 

i n cl ud i ng the effects of rare codons upon trans lat ion fide l ity . 
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M ET H O DS (4) 

4.2 Genera l  p rote in  methods 

4.2a. B radfo rd assay est imation of prote i n  concen tration 

Est im at ion of total protein concentrations were performed in  microtitre p lates i n  a tota l 

vo lu me of 200 �tl per wel l .  40 �tI of Bradford reagent (B iorad) was mixed with a n  

appropriate d i l ut ion of the prote in  extract i n  1 60 �tI vo lume. The reagent w a s  a l l owed t o  

react for 5 m inutes a t  room temperature, a n d  absorbance read a t  5 9 5  nm on a n  Anthos 

HT I I  m icrotitre p late reader (Anthos). Val ues were compared to a Bovine Serum Albumin 

(BSA) standard curve prepared with 0 . 0 1 , 0 .02 ,  0 .03 ,  0 . 04 and 0 .05 mg/m l BSA 

4.2b.  S OS polyacry lamide ge l  e lectrophoresis (SOS-PAGE)  

SOS-PAGE was carried out  as described i n  Sambrook ( 1 989) .  Typ ica l ly  1 0% 

po lyacry lam id e  reso l ut ion ge ls ( 1 0% acry lamide mix ,  375 mM Tris-HC I  pH  8 .8 ,  0 . 1  % 

SOS ,  0 . 1  % ammon ium persu lphate, 4x1 0-4% TEME O) were p repared  with 5% stackin g  

ge ls  (5% acry lamide mix, 1 25 m M  Tris-HCI pH  6 . 8 ,  0 . 1  % SOS ,  0 . 1  % ammoni u m  

persu lphate,  1 x 1  0-
3% TEM E O) .  Acry lamide m i x  cons ists o f  29% acry lamide ,  and 1 % N, 

N'-methylenebisacy lamide. Gels were poured i n  a vertica l  e lectrophoresis apparatus 

(B io rad M i n i-Protean® 1 1  Cell ) .  

Prote in  extracts were boi led for 5 minutes i n  SOS load ing buffer (50  m M  Tris pH  6 .8 ,  2 %  

SOS ,  0 . 2% bromophenol  b lue ,  20% (v/v) g lycero l ,  7 0  m M  2-ME) ,  then centrifuged for 5 

m i n utes at maximu m  speed at room temperature i n  a benchtop microfuge.  Equa l  

vo lumes of samples were l oaded, typical l y  1 0 �d . Molecu lar  weight markers, either 

B iorad Broad Range Molecu lar  Weight Markers, o r  Pharmacia Low Molecular Weight 

Ca l ibratio n  Ki t ,  were always run in  the left lane of the ge l .  B iorad Broad Range 

B ioti ny lated Molecular Weight Markers were used if  the ge l  was to be used for western 

b lott ing  (Sections 4 .2c  and 4 . 2d) .  

P rote i ns  were e lectrophoresed in  Tris-g lyc ine e lectrophores is buffer (25 mM Tris-HC I ,  

250  mM glycine pH  8 .3, 0 . 1 % SDS) a t  1 00 V u nt i l  t he  load ing dye front was  c lose to  the 
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bottom of the ge l .  Ge ls  were either sta ined for 30 minutes with Coomassie stai n  (5 g of 

Coomass ie Bri l l iant  B lue in  90 m l  of methano l :water ( 1 : 1 ) , and 1 0  m l  of g lacia l  acetic 

acid) and desta i ned in destai n  so lut ion (90 ml of methano l :water ( 1 : 1 ) , and 1 0  ml of 

g lac ia l  acetic acid ) ,  or  transferred to PVOF for western b lott ing (Sections  4 ,2c  and 4 .2d) .  

Whe n  ge ls  were to be b lotted ,  1 0ng of MBP:TE 1 1 -286 was loaded to ind icate the detect ion 

l im i t  of  the procedu re ,  and b road range biot inylated mo lecular  weight  markers (B io rad) , 

or Ka le idoscope pre-sta ined markers (B iorad) were run i n  the leftmost lane of the ge l .  

4.2c.  Wester n  b l otti ng, l um inescent s ubstrate 

A variety of primary ant ibodies were used for western b lotti ng  (see specifi c  b lot fig u re 

legends for actua l  d i lut ions of anti bodies) .  I n  genera l ,  unpurified sera was bound at  

1 :200 to 1 : 800 d i l ution ,  wh i le  affin ity purified sera was bound at 1 : 6 000 d i l ut ion The 

appropriate d i l ut ion of unpurified sera was determined by d i lut ing ant ibodies 1 00-fold  

less for  western b lott ing than the opt imum s igna l-to-no ise rat io for EL lSA. The opt imum 

d i l ut i on  for the  affin ity purified a nt i-MBP:TE 1 1 -286 sera was determined empi rica l ly ,  with 

the expectatio n  that the h ighest effective d i l ut ion  wou ld p roduce a s i ng le band .  To detect 

M B P  port ions of fus ion  p roteins ,  an  anti-MBP ant ibody (NEB) was bound at a d i l ut ion of 

1 : 1 0 000.  

P rotei n  extracts were electrophoresed i n  1 0% SOS-PAGE as described i n  Section  4 .2b ,  

A b l otti ng  stack was set up  between the e lectrodes of a B iorad electra-b lott ing apparatus 

and prote in  was transferred to the PVOF membrane (M i l l i po re) i n  e lectro blot  buffer  (200 

mM g lyc ine ,  25  m M  Tris-HCI ,  1 0% methano l ,  0 .03% SOS) with 200 mA of current 

overn ight at 4 QC. B lott ing stacks for prote in  tra nsfer to PVOF were, from the negative 

e lectrode upwards; a coarse sponge approximately 1 cm wider and longer than the ge l ,  

a sheet of Whatman 3MM blott ing  paper of the same d imensions ,  the po lyacry lamide 

ge l ,  a PVOF membrane of the same d imensions that had been wet with methano l ,  a 

sheet of Whatman 3MM b lotting paper, another coarse sponge. 

To suppress n on-specific ant ibody b ind ing ,  membranes were incubated in 1 . 0% I -B lock 

(Trop ix ) ,  0 .5 % Tween 20 (BOH)  i n  phosphate buffered sal i ne  (PBS :  270 mM NaCI ,  400 

mM N a2HP04, 30 mM KH2P04 ,  pH 7 .4) for  1 hour  at room temperature. A d i l ut ion  of the 
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primary a ntibody was boun d  in 1 . 0% I -Block,  0. 5 % Tween 20 in  PBS Affin ity p urified 

ant i- M B P : TE 1 1 -286pr imary ant ibody was bound at a d i l ut ion of 1 :6 000. 
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After b i nd ing of pr imary ant ibody, membranes were washed 3 t imes for 1 5  m in utes i n  

0 .2% I -B lock,  0 . 5 % Tween 20 i n  P B S .  Secondary a nt ibodies horserad ish perox idase 

(HRP)  conjugated goat anti-rabbit IgG (Sigma) ( 1  :20 000 d i lut ion) and avidi n- H R P  

conj ugate (B io rad) ( 1 : 6 000) were bound in  1 . 0% I -B lock, 0 . 5  % Tween 2 0  i n  PBS for an  

hour  at room temperature. Avid in-HRP was included to detect the b iot iny lated mo lecu la r  

weight markers. Membranes were then washed 3 t imes i n  0 .2% I -B lock, 0 . 5  % Tween 2 0  

i n  PBS as above. 

Membranes were washed b ri efly in PBS ,  prior to substrate appl icati on .  Substrates were 

app l ied accord ing to the ECl western b lott ing protocol (Amersham) ,  then membranes 

were exposed to fi lm .  

4.2d.  Western b lott ing ,  color imetric substrate 

The protocol was identical to the luminescent substrate protocol except that: a) 

secon dary ant ibodies were 1 :  1 0  000 goat a nti-rabb i t  a lka l ine phosph atase (S igma) ,  and 

1 : 3 000 avidi n  a lka l ine phosphatase conjugate (B iorad ) ,  and b) the substrate was 

N BT/B C I P  (see below), which precipitates d i rect ly  o nto the PVDF membrane. Th is 

method has the d isadvantage that on ly one deve lopment level can be v isual ised,  

whe reas the l um in escent substrate a l l ows mu ltip l e  d ifferent exposures to fi l m .  

N BT/BC I P  substrate was prepared as fol lows: 1 m l  o f  1 0  mg/ml x-phosphate/5-bromo

ch loro- indo ly l-phosphate (BC IP) i n  d imethy lsu lph oxide (DMSO),  was m ixed with 1 00 m l  

of  0 . 2  mg/ml 4 N it rob lue tetrazo l ium chlor ide (NBT) i n  1 50 mM Tris p H  9 . 7  a n d  800 m l  of 

1 M MgCI2 .  This substrate was stored in  the dark u nt i l  use. 

4.2e. E nzyme l i n ked immuno-sorbent assay ( EL lSA) 

M icrot it re p lates were coated with 1 mg/ml M BP :TE 1 1 -
286 antigen i n  coat ing buffer ( 1 5  

m M  N a2C03, 35 m M  NaHC03) overn ight at 4°C. P lates were washed 3 t imes with PBS

Tween (0 .5% Tween 20 i n  PBS) ,  then b locked wi th  1 00 ml  of 0 .5% mi l k  powder so lut ion 

i n  PBS for 1 hour  at room temperature. U nbound b locking so lut ion was removed with by 

wash ing 3 t imes with PBS-Tween . 
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Anti_MBP :TE1 1 -286 ant ibody sera was d i l uted in  PBS to 1 : 1 00 , 1 : 1 000 , 1 : 5 000 , 1 : 1 0 000,  

1 :20 000 ,  1 :50 000,  1 :  1 00 000, and 90 [l l of each d i l ut ion was incubated i n  m icrotitre 

p late wel l s  at room temperature for an  hour, then 3TC for 45 m in .  P lates were washed 3 

t imes with PBS-Tween , and incubated with 90 �I per wel l  of a 1 :  1 0 000 d i l ut io n  of goat 

ant i-rabb it Alka l i ne  phosphatase (Sigma) for 45 min  at 3TC.  P lates were washed 3 

t imes i n  P BS-Tween ,  and substrate ( 1  mg/ml p-Nitrophenyl phosphate d isod ium (pNPP ) ,  

3 m M  MgCI2 i n  coati ng buffer) was  added, and  incubated a t  room temperature u nt i l  

co lour deve lopment was v is ib le .  Substrate deve lopment was quan tified by read ing  

a bsorbance o n  a n  Anthos HT I I  m icrotitre p late reader a t  405 nm.  
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4. 3 P roduction of ma ltose b i n d i n g  prote in  fus ion  prote i n s  

4.3a. Constructio n  o f  maltose b ind ing  p rote i n  fusion  vectors 

The maltose b ind ing prote in  (MBP) expression vectors (pMAL-P2,  pMAL-C2) ( N E B) are 

designed to produce trans lat ional  fus ions of the MalE gene encoding the M B P  and  the 

gene of i nterest. Two vectors were avai lab le ,  pMAL-P2 incl udes the MalE s igna l  

sequence ,  wh ich targets MBP fus ion prote ins to the periplasm ,  pMAL-C2 lacks the s igna l  

sequence .  

The ent i re putative o pen read ing frame of the te 1 cDNA cloned by Bruce Veit (pBV432) 

(Veit 1 998)  was c loned into pMAL-C2 and pMAL-P2 as an  EcoRI  fragment to create 

pDJ 0 1  and pDJ02 respectively .  To produce a fus ion of the MBP with an N-termina l  

portio n  of t he  TEi  prote in  t he  877  bp EcoR I  -Smal fragment derived from p BV432 was 

cloned into pMAL-C2 and pMAL-P2 to create pDJ03 and pDJ04 respect ive ly .  This reg ion  

o f  the te 1 cDNA encodes the  N-termina l  286 am ino  acid res idues of  the TEi  protei n ,  and 

i ncludes the first two RRMs.  

4.3b .  S ma l l  scal e  i n duct io n  of  E. coli cu ltu res harbour ing expressi o n  vectors 

Sma l l  scale induct ions of cu ltures were conducted as fol l ows un les s  specified otherwise .  

Constructs  were tran sformed i nto E. coli BL2i  or TB-i cel l s  by heat shock (Sect ion 

2 . 2e) ,  and re-streaked for s ing le  co lon ies to seed g l ycerol stocks o r  cultures.  Starter 

cu l tures of 4 ml of LB Amp 1 00 were i nocu lated with a s ing le co lony and g rown overn ight 

at 3rC.  Th is overn ight culture was used to inocu late 50 m l  of LB Amp1 00 i n  a 250 m l  

con i ca l  flask. This culture was grown at 3rC, shaking at 200 rpm.  Re lative cel l density 

was estimated by measur ing the absorbance of cu ltures at 600nm. Log phase cu l tu res 

were i nduced by adding I PTG to a fina l  concentratio n  of 0 .6  mM. 

Ce l l s  from 1 m l  of cu lture were harvested by centrifugat ion for 1 0  minutes at 20 000 xg at  

4°C in  a benchtop m icrofuge  immediately pr ior to and at various t ime points after the 

add it ion of I PTG . Cel l  pe l lets were resuspended i n  2x  Laeml i i  buffer (1  x i s  50 m M  Tris 

pH 6 .8 ,  2% SDS, 0.2% bromophenol  blue, 20% (v/v) g lycero l ,  70 mM 2-ME) , bo i led for 5 

m in utes and centrifuged at 1 4 000 rpm for 5 m inutes at room temperatu re. So that 
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a pproximately equa l  quantit ies of protein were l oaded, cel l pel lets were resuspended i n  

1 0 0  �t I of 2x Laeml i i  buffer for each 1 . 0 OD600 o f  the culture (see footnote ! ) .  

Equa l  vo lumes ( 1 0  fll) o f  the prote in extracts were electrophoresed i n  1 0% 

polyacry lamide a s  described i n  Section  4 .2b .  I n it ia l ly  induct ion tria ls  were exam ined by 

sta in i ng  ge ls with Coomassie .  Once polyc lonal  sera to the MBP:TE1 1 -286 fus ion  p rote in  

had been produced induct ions were assayed by western b lo t  as  descri bed in  Sections 

4 . 2c and 4 .2d .  

4.3c .  O ptim isat ion  of M BP:TE1 1-286 expression  condit ions 
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Smal l  sca le cu l tures were induced as described for smal l  sca le induct ions (above) , 

except for the variat ions in  the protocols descri bed . Cu ltures of E. coli DH5a,  B L2 1  and  

TB- 1  stra i n  carry i ng  either pDJ01  vector (pMAL-C2 : te 1 ) ,  or  p DJ02 vector (pMAL-P2 : te 1) 

were i nduced at 30°C with 1 m M  I PTG . Cu ltures of coli BL2 1 harbour ing either 

pDJ01 , pDJ02, o r  pDJ03 (pMAL-C2 : te 1-5 ') were induced at 30°C and 3rC with 0.6 m M  

I PTG.  I n  a l l  cases cultures were induced by add ing I PTG a t  l o g  phase a nd g rown for a 

further one ,  two o r  3 hours. I nduct ions were assayed for expression by S DS-PAGE 

compari ng  induced cu ltures to cultures induced with var ious condit io n s. A culture 

harbour ing pMAL-C2 with no cDNA i nsert which produces the maltose b ind ing protei n  

was always inc luded as  a posit ive control for the induct ion protoco l .  

4.3d.  Large sca le  i nd uctions and affin ity purificat ion o f  M BP :T E  fusion  p rote ins  

Overn ight  'starter cultures' o f  E. coli BL2 1 harbor ing p DJ03 (pMALC2: te-5,) i n  1 ml  LB 
med ia  were used to i nocu late 250  ml o f  LB Amp 1 00.  These cul tures were g rown at  30°C 

u nt i l  m id  log phase,  then induced with 1 mM I PTG,  and incubated for a further 2 hours at 

30°C .  Cu ltures were chi l led on ice, and cel ls harvested by centrifugat ion at 

4 300 xg for 20 m inutes at 4°C. Al l  further man ipu lat ions were either in tubes on  ice, o r  i n  

a 6 °C  cold room.  Ce l ls  were resuspended in  1 2 . 5  m l  of co lumn buffer (20 m M  Tris-HC I  

pH  7 .4 ,  200  m M  NaCI ,  1 mM E DT A ,  1 0  m M  2-ME)  and  frozen at -20°C.  Cel l  

suspens ions were then thawed on ice ,  and 1 ml of 1 mg/ml lysozyme i n  10 mM Tr is  pH  8 

was added . Ce l l  suspensions were sonicated 4 t imes for 30 second pulses (separated 

! For example ,  culture with OD600 of 0.5 would be resuspended in 50 �tI of 2x Laeml i i  buffer 
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by 30 second breaks) at ampl itude 1 2 , at 23 kHz, on an  Son iprep 1 50 son icator (MSE 

Scientific I n struments) . 
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Cel l  debris was removed by centrifugation at 9 000 xg for 30 min .  at 4°C.  The 

supern atan t  was decanted and d i luted 1 :2 with co lumn buffer, and l oaded onto an  

amylose res in  ( N E B) column at a flow rate o f  10  x [d iameter o f  co lumn i n  cmf mflhr. The 

co lumn was washed with 1 0  column vo lumes of column buffer. Bound fusion  prote in  was 

e luted with column buffer conta in ing 1 0  mM maltose and col lected i n  0.5 m l  fractions .  

Fractions were assayed for p rote in  content by Bradford assays. Those fract ions that 

conta ined s ign ificant quantit ies of tota l  protei n  were exam ined by SOS-PAGE and  

Coom assie sta in ing .  Fract ions contain ing  s ign ificant quantit ies of  fus ion  prote in  were 

pooled a n d  concentrated using Nanosep 1 OK or  30K microconcentrators (Pa l l  F i lt ron ) .  

4.4.  P roduct ion of a nti MBP:TE1 1 -Z86 a nt ibody 

4.4a I nocu lat ion of rabbits and col lection of sera 

Approximately 4 m l  of blood was taken from two New Zealand White rabbits ( referred to 

hereafter as  rabbit  A and rabbit B) for pre- immune sera. To separate sera from b lood 

cel l s ,  b lood was incubated overn ight at 4°C,  then centrifuged at 500 xg at 4°C for 30 m in  

to pe l l et b l ood cel ls .  The  sera supernatant was  a l iquoted and stored at  _20DC. After 

co l lectio n  of pre-immune sera, both rabbits were i njected with 500 !J,g of M B P:TE1 1 -286 

fus ion  p rote in  m ixed with Freunds complete adjuvant (S igma) . 

Booster i njections of at least 1 00 �tg of MBP :T E 1 1 -286 p rotein with Freunds i ncomplete 

adjuvant (S igma) were given after 2 1 , 35 and  60 days after the first inocu lat ion .  Sma l l  (5-

1 0  m l )  sample co l lections of immune sera were co l lected 7- 1 0  days after the second ,  

a nd a l l  subsequent injections with MBP:TE1 1 -286 fus ion  prote in .  Sera was co l lected as  

a bove, a l iquoted , and stored at  _20DC.  The titre of immune sera col l ections were 

a n a lysed via enzyme l i nked immuno-sorbent assays (EL lSA, see be low) . 

After it had been establ ished by western b lot that rabb it A had activity aga inst the T E 1  

port ion  of  t h e  M BP :TE1 1 -286 fus ion prote in  (see resu lts) further i nocu lat ions with at  least 
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1 00 [.1.g of MBP :TE 1 1 -286 fus ion protein mixed with Freunds incomplete adjuvant were 

given to this rab bit B lood col lections of 30-50 m l  were taken 7- 1 0  days after i nject ions ,  

and sera was seperated from b lood cel l s  as above and stored at -20°C .  

4.4b .  Aff in ity p urificat ion of polyc lona l  a ntibody 

E. coli BL21  cultures harboring pDJ03 (pMAL-C2 : te 1 -5') were induced , and the fus ion 

prote in  purified as described i n  Section  4 .3d .  4 L of culture produced 4 mg of  p rote in ,  

wh ich  was concentrated from amylose co lumn elut ion fract ions with Nanosep  1 0K 

m icroconcentrators (Pa l l  F i l t ron) ,  and stored i n  850 Lt! of PBS .  

1 4 1  

Col lections  of  sera to  be affin ity purified (co l l ections 7 ,  8 and 9 of  rabb i t  A)  were thawed 

on ice and  precipitated by gradual addit ion of saturated N H4S04 up to 50% by volume .  

The precip itate was col lected by centrifugat ion at  1 2  000 rpm at 4 °C ,  and resuspended 5 

m l  of PBS .  sealed i n  d ia lysis tubing (S ize 5, Medicel l  I nternat iona l  Ltd . ) ,  and d ia lysed 4 

t imes aga inst 2 L of PBS at 4°C.  This sera conta ined 24 .5  mg/ml p rote in .  

A total o f  3 .8  mg of MBP :TE1 1 -286 fusion p rote in  was bound to  a H iTrap® NHS activated 

affin ity column (Pharmacia) as recommended by the manufacturers except that the 

loaded col umn was stored in  PBS conta in ing 0 . 1 %  N a N3 at 4°C .  

Ammon ium su lphate precipitated sera was centrifuged at 1 4  000 rpm i n  a benchtop 

m icrofuge for 1 5  m inutes at 4°C to pe l let any IgG aggregates prior to l oad ing on  the 

co lumn.  Al l  co lumn buffers were degassed with a vacuum trap before use. The affin ity 

co l umn  w ith covalent ly bound MBP:TE 1 1 -286 protei n  was washed with 1 0  ml of PBS 

contai n i ng 0 . 1 %  Tween 20, then sera was ci rcu lated through the col umn with a 

peristalt ic pump at 0 .5  m liminute for 24 hours at 4°C.  Bound antibod ies were e luted with 

0 . 2  M g lycine-HCI  pH 2 .5 ,  fract ions of 1 ml were co l lected d i rectly i nto 0.2 ml of 7% Tr is 

(see footnote2). F ract ions contain ing s ign ificant quantit ies of prote in  (determined by 

B radford assay) were pooled,  and concentrated with Nanosep 1 OK  m icroconcentrators 

(Pa l l  F i ltron) to a fina l  vo lume of 3 ml at 4 .4  mg/ml p rote in  concentration .  This affinity 

purif ied sera was a liquoted and stored at -20°C. A l iquotes in current use were m ixed 

with an equal  vo lume of ster i le g lycero l and stored at -20°C. 
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4.5 H isti d i ne�tagged construct with Arg U  transfer  RNA gene  

4.Sa.  Construct ion of h istid ine  tagg ing  vector 

The pPROEX vector (Gibco BRL) produces prote ins  with an N-termina l  s ix h ist id ine  tag 

upon induct ion  with I PTG . P rote ins with this tag can be affin i ty purified with n ickel

n itr i l otr iacetic acid co lumns.  The ent ire open read ing frame of the te 1 cDNA pBV432 was 

c loned i nto pPRO EX-1 as an  Xba l  - Kpnl fragment to create pDJ05.  

4.Sb.  S u bc lon ing  the Arg U  tRNA gene by PCR 

The presence of c losely spaced AGG codons have been associated with low y ie lds of 

hetero logous prote in product ion i n  E. coli, probab ly due to the low abundance of the 

argU tRNA gene p roduct (see D iscuss ion) .  The te 1 reading frame conta i ns  e ight AGG 

codons after RRM2 (see F igure 4 . 1 2) .  We suspected that these codons were p reclud ing  

effic ient translat ion of the te 1 transcript. I n  an effort to  c ircumvent th is prob lem,  the 

n at ive E.  coli argU gene was c loned from the pSBET vector us ing a PCR strategy .  

P ri mers DJ 1 and DJ2 (see Appendix 2 )  were des igned to amp l ify a reg ion  of the argU 

gene from -44 to (where the transcription  start s ite is + 1 ) to +230bp. An adapter that 

inc luded both Ndel (CATATG) and Nsil (ATGCAT) s ites was inc luded on each pr imer. A 

P C R  product of the E. coli argU gene was produced from 1 0  ng of the vector pSBET with 

us ing  a standard PCR react ion (Sect ion  2 . 3c) except that fina l  D J 1  and DJ2 pr imer 

concentrat ions i n  the reactio n  were 1 mM.  The thermocyc l ing program DJ 1 was used 

(Append ix 1 ) . The argU PCR product was examined for quantity and homogeneity by  ge l  

e lectrophores is ,  and then d igested with Nsil . 

To remove the sma l l  end fragments that were l iberated by Nsil dg iestio n  the d igest was 

pu rified with a Concert PCR Extractio n  Kit (Gibco BRL) .  The purified PCR product was 

then c loned i nto the Nsil s ite of pDJ05 to create pDJ06. I n  summary ,  p DJ 06 consists of 

the p P RO EX expression vector with the te 1 cDNA c loned in frame with the s ix h istid ine 

tag , and  the ArgU tRNA gene c loned i nto the Nsil s ite. 

2 This p roport ion of 0.2 M g lycine-Hel  to 7% Tris had been empirical ly  determined to restore pH 
to 7 .0 .  
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4.Sc.  Expressi o n  tr ia l s  with h istid ine tagg ing  vector 

Express ion t ria l s  were perfo rmed with pOJ06 us ing sma l l  sca le  i nductions .  essenti a l ly as 

described in Sect ion 4 . 3b .  Several variations  of condit ions were exam i ned. E. coli strai ns  

OHSa,  B L2 1 ,  and TB- 1  were induced a t  37°C i n  L B  media ,  taking ce l l  samples one ,  two 

and 3 h ours after i n duct ion with 0.6 mM I PTG . Each of these stra i ns  was a lso induced i n  

S O C  media ( 2 %  tryptone.  0 . 5% yeast extract. O . S% N a C I .  2 . S  mM KCL.  1 0  m M  MgCI2)  

and Terrifi c  B roth ( 1 . 2% tryptone ,  2 .4% yeast extract, 0 .4% (v/v) g lycero l ,  1 7  mM 

KH2P04 •  72 m M  K2H P 04, 20 m M  g lucose) a t  3rC with 1 m M  I PTG. 

Media  were prepared as described in Sambrook ( 1 989) .  

A vector cons ist ing o f  the Trifolium repens ACC oxidase ( TRAC02) cONA i n  pPROEX- 1 , 

wh ich had  been shown to express h igh levels of h istid i ne-tagged TRAC02 prote in ( 0  

H u nter ,  pers . comm. ) ,  was used a s  a positive control for t h e  induct io n  protocol .  A culture 

of E. coli TB-1 ce l ls  harbour ing pPROEX: TRAC02 was a lways grown and i nduced with 

the same cond it ions  as pOJ06 cultures. 

P rotei n  extracts from induced and un induced cu l tures were compared by Coomassie 

sta ined S OS-PAGE gels (Sect ion 4.2b) ,  and western b lots using the affin ity purified ant i

M B P : T E 1 1 -286 ant ibody at 1 : 6 000 d i lut ion (Sectio n  4 .2c) .  

4.5d. P u rif icatio n  of h isti d ine-tagged TE1 prote in  

H ist id in e-tagged p rote ins  h ave a h igh affin ity for n ickel-nitrHotriacetic acid co lumns,  

wh ich a l lows affin ity pur ificat ion .  Attempts were made to affin ity purify the smal l  

quantit ies of 6H:TE 1 that  were detected wi th western blots. 1 00 ml  of  BL21  culture 

harboring  p OJ06 vector was induced as for prev ious large scale i nduct ions (Sect ion 

4 . 3d ) , except that  the cu lture was grown at  3rC rather than 30°C.  Ce l ls  were harvested ,  

res us pended in  lys is  buffer (50 mM Tris-HCI  pH  8 .5 .  1 0  m M  2-ME .  1 mM 

pheny lmethylsu l fony l  F luoride (PMSF)) ,  and frozen at -20°C .  Ce l l  suspens ions were 

thawed on ice and  son icated as described in Section 4 .3d .  Ce l l  debris  were removed by 

centrifugati on  at 9 000 xg for 30 minutes at 4°C . 

A l l  further man ipu lat ions were performed at 6°C.  A i . Sm l  n ickel-n itr i lotriacetic acid 

co l u m n  ( N i-NTA res in ,  BRL) was prepared by l i n i ng  the bottom of  a Sml syr inge with 

steril e  g lass  fibre,  adding 1 . 5 ml of Ni-NTA resi n , and centrifug ing for 1 500 xg for 5 
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minutes.  The co lumn was equ i l ibrated with 2 ml of buffer A (20 m M  Tris-HCI  pH  8 . 5 ,  1 00 

m M  KCI , 20 m M  imidazole,  1 0  m M  2-M E ,  1 0% (v/v) g lycero l ) .  The cel l  extract was 

l oaded onto the co lumn at a flow rate of 0 .5 ml/m in .  The column was washed with 1 5  m l  

of  b uffer A,  3 m l  of  b uffer B (20 mM Tris-HCI  pH  8 .5 , 1 M KCI ,  1 0  m M  2-M E ,  1 0% (v/v) 

g lycerol ) ,  and then 3 ml of buffer A Bound prote in  was e luted with 5 . 5  ml of buffer C (20 

mM Tris-HCl pH 8 . 5 , 1 00 mM KCI , 1 00 mM im idazole 1 0  mM 2-ME ,  1 0% (vfv) g lycero l )  

i n  0 . 5  m l  fract ions.  F ractions  were concentrated by a factor of fou r  (400 �d of e lut ion 

b uffer concentrated to 1 00 ,Lt l) w ith Nanosep 1 OK  microconcentrators (Pa l l  F i ltron ) ,  and 

the tota l  p rotei n  content estimated by Bradford assay.  Al l  fract ions were examined by 

S OS-PAGE and Coomassie sta in ing ,  and by western b lott ing using the affin ity puri fied 

ant i-MBP:TE1 1 •
286 ant ibody at 1 :6 000 d i l ut ion (Sectio n  4 .2c) .  Prote i n  samples conta i n ing  

i midazole were heated to  3rC rather than boi led before electrophoresis to prevent lysis 

of protei n  by i midazole. 

4.6 T ransformation of Pichia pastoris with i nteg ratin g  express ion 

constructs 

4. 6a.  Overv iew of Pichia expression  system 

Pichia pastoris i s  a methyltrop ic  yeast, capable of ut i l is ing methano l  as a carbon source. 

The Pichia expression  vector pPIC9K ( lnvitrogen) is an  integrating  vector that a l l ows 

his4 h ist idine  auxotroph stra ins  to g row on med ia  lack ing h istid ine ,  and a lso confers 

resistance to the ant ibiot ic G41 8 (Genetic in ,  G i bco B RL) i n  a dose dependant manner. 

The genes c loned into the pPIC9K vector a re under  control of the native alcohol oxidase 

1 (A OX1 )  promoter ,  which is  induced by methano l  to very h igh level s  (Koutz 1 989 ;  

Tschopp 1 987) ,  and repressed by g lucose. The vector p roduces a n  N-termina l  fus ion of 

the Pichia a factor secretion  s igna l  (aFS) ,  with the c loned gene which results in the 

fus ion  prote in  being  secreted i nto the cu lture med ia .  Two his4 strai ns  of Pichia pastoris 

were ava i lab le for transfo rmat ion with vector pP IC .  Strain KM7 1 ut i l ises methano l  as  a 

carbon source s lowly due to a mutant A OX1 locus, and GS1 1 5  which is wi ld type for 

methano l  uti l i sation .  

The ent i re cod ing reg ion of  the  te 1 cONA was c loned in to pP IC9K and the  resul t ing 

vecto r (pOJ07) was transfo rmed into the strain KM71 by electroporat ion .  Transformants 
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were i n it i a l ly selected on med ia  l acki ng  h i st id ine,  and then by res istan ce to i ncreasing 

l evel s  of G41 8 . Expressi o n  tr ia ls were performed and assayed by SOS-PAGE and 

western b lotting .  

4 .Gb .  P roduction of i nteg rating  express ion vector i n  E. coli 
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An EcoRI fragment of pBV432,  encod ing the complete open read i ng  frame of the te 1 

cONA, was cloned i nto the vector pP1C9K ( I nvitrogen) as described i n  Sect io n  2 . 3e. Th is 

vector wi l l  p roduce a translat ional  fusion  of the te 1 open read ing frame,  and the open 

read ing  fram e  of the a factor secret ion s igna l  peptide (aFS) conta ined in the pP IC9K 

vector. The construct is referred to  as pOJ07 (pP I C9KJte 1 ) ,  and was designed to  secrete 

the fus ion protein  aFS :TE1  into the growth medium.  

4.Gc. P reparatio n  of e lectro-competant Pichia cel ls  

To remove any  traces of  SOS or  other  detergents that may compromise e lectroporat io n  

effic iency ,  a l l  g lassware and plastics used t o  prepare Pichia cu ltures for e lectroporat io n  

were washed tho rough ly with hot water, r insed i n  m i l l i-Q water, a n d  autoclaved fi l led with 

m i l l i-Q water. This water was then d iscarded.  Cu ltures for e lectroporat ion were p repared 

as fo l lows. 1 0  ml of YPO media (1 % yeast extract, 2% peptone,  2% dextrose) i n  a 50 m l  

flask  was  i noculated with a s ing le colony from a YPO plate (YPD media with 2% agar) , 

and  g rown for 24 hours at 30°C ,  shaking at 200 rpm .  Two 1 L flasks conta in ing  500 m l  of 

Y P O  media were i nocu lated ,  one with 50 �I of th is  1 0  m l  cu l ture,  the other with 1 00 ,Lt l  of 

th is 1 0  m f  cu lture .  These cultures were grown at 30°C,  shak ing at 200 rpm u nt i l  the 

0 0600 readings were approx imately 1 . 3 ( 1 1 hours ,  and 1 2 . 5  hours respectively) .  Ce l l s  

were harvested b y  centrifugat ion at 1 500 x g  a t  4 ° C  for 5 minutes , and resuspended i n  

500 m l  o f  ster i le ice cold m i l l i-Q water. Ce l ls  were harvested ,  and resuspended 3 more 

t imes i n  the fol /owing so lut ions ;  250 m l  of ice cold steri le  M i l l i-Q water, 1 0  m l  of ice co ld 1 

M D-sorb itol  (Sigma) , and fina l ly 1 m l  of ice cold 1 M sorbito l .  A sma l l  p roportion of  the 

e lectrocompetant cel l s  were used immediately (see below), and the remainder were 

a l iquoted ,  frozen in l iqu id n i trogen ,  and stored at -ao°c. 

4.6d. Electroporation of Pichia cel ls 

Vectors pP IC9K and pOJ07 were prepared by a lka l i ne lysis and purified by 

phenol/chloroform extract ion unt i l  the i nterface was clear .  The vectors were l inearised 

with Xcml ,  precipitated with 1 f1 0th volumes of 7 . 5  M sod ium acetate and 2.5 vol umes of 
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ethano l ,  and resuspended in  ster i le m i l r i-Q water to a fina l  concentration  of  

a pprox imately 0 .5 mg/m l .  For both pP IC9K and pDJ07 vectors , 1 00 ng ,  1 f-lg and 2 �lg of 

Xcml- l i nearised vector was added to 1 00 �d of Pichia cel ls prepared for e lectroporat ion 

(see p revious section ) .  Ce l l -DNA m ixtures were transferred to i ce cold 2 ml 

electroporat ion  cuvettes (Equ iB io  Ud) with a 2 mm electrode gap ,  and incubated o n  ice 

for 5 m i nutes. Cuvettes were pulsed in a B iorad GenePulser electroporatio n  device with 

the parameters recommended by B iorad for Sacchararomyces cerevisiae ( 1 .SkV, 25f-lF,  

200W) . The cel l s  were immediately resuspended in  1 m l  of  ice cold 1 M sorbitol ,  and 

then tran sferred to  a steri l e  microfuge  tube .  200 f-ll o f  these ce l l  suspens ions were p lated 

onto ROB plates (1 M sorbito l ,  2% dextrose, 1 . 34% yeast n it rogen base without am ino  

ac ids  (G i beo BRL) ,  1 % (v/v) g lycero l ,  4x1 0-s% b ioti n ,  2% agar) ,  and g rown fo r  two days 

at 30°C to select for h istid i ne  prototrophy. Colon ies were streaked for s i ng le co lonies o n  

R O B  p lates ,  a l lowed t o  g row for two days a t  30°C ,  then s ing le colon ies were used to 

i nocu late 2 m l  YPO cultures for g lycerol stocks. G lycerol stocks were produced exactly 

as for E. coli (Section 2 .2a) except that 0.8 ml of 48 hour  YPD culture3 was m ixed with 

0.2 m l  of steri le g lycero l .  I n it ia l ly 40 g lycerol stocks were made from 40 s i ng le co lon ies .  

4.6e. Select io n  of transformants with i ncreasing  nu m bers of i ntegrations  

Al l  of approximately 4 000 colon ies from the  p late transformed with 2 f-lg  pOJ07 were 

resusupened i n  1 m l  of steri l e  water by p lat ing the water d i rectly onto the ROB 

tran sformation p late and swirl i ng  gently to resuspend the  cel l s .  Th i s  ce l l  suspension was  

d rawn from the  surface of t he  p late with a 1 ml autopipette, and the  ce l l  dens ity was 

est imated by measur ing its a bsorbance at 600 nm. 1 0 �d (approximately 1 05 cel l s )  of  th is  

cel l  suspension was plated onto YPO p lates conta in ing 0 .25 ,  0 .5 ,  1 .0 ,  1 .5 ,  2 .0  and 3 . 0  

mg/ml G41 8  su lphate ant ib iot ic ,  and  g rown for 3 days a t  30°C .  G41 8  resistance l evel s  

were confirmed b y  re-streaking each colony for s ing le co lonies twi ce o n  YPO p lates 

conta i n i ng  the same concentrat ion of G41 8 that they were in it ia l ly selected on .  L i nes that 

g rew consistently were chosen for more extens ive G4 1 8-resistan ce tests. Each of these 

chosen l i nes were streaked for s ingle colon ies on  YPD p lates conta i n ing 0.25,  1 . 0 and  

4. 0 mg/ml G41 8 . Glycero l  stocks were made from eight l i nes represent i ng  d ifferent levels 

of res istance to G4 1 8  (see Table 2 . 1 ) . 

3 S ince l inearised pPIC vectors i ntegrate into the genome, n o  selection is requ ired after 
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4.6f. Extractio n  of Pichia genomic DNA 

Transformed and parent (KM71 ) strai ns  of Pichia were streaked for s ing le  co lon ies onto 

YPo p lates and g rown for 48 hours at 30°C. A single colony of each l ine was used to 

inoculate 1 0  ml of YPo media . Cul tures were g rown overnight at 30° C ,  shak ing at 

200rpm . Cel ls were harvested by centrifugat ion at 1 500 xg for 1 0  m inutes at roo m  

tem perature.  Cel l  pel l ets were resuspended in  1 0  m l  o f  ster i le water ,  harvested b y  

centrifugat ion a t  1 5 0 0  xg , then resu spended i n  2 m l  of fresh ly  prepared SCED ( 1  M 

sorbito l ,  1 0  m M  sod ium citrate pH 7 .5 , 1 0  m M  EoTA, 1 0  mM OTT) . 

The SeED cel l  suspensions were incubated with 4 pJ of 4 .5  mg/ml Lyticase (Sigma) at 

3rC for 1 hour ,  then 2 m l  of 1 % SOS was gently m ixed w ith the suspens ions ,  and  tubes 

were p laced on i ce for 5 m inutes . F ina l ly 1 . 5 m l  of 5 M potassium acetate pH  5.9 was 

gent ly m ixed with the cel l  suspens ions,  and they were centrifuged at 1 0  000 xg for 1 0  

m i nu tes at 4°C.  The supernatant was transferred to a new tube, m ixed with 2 volumes of 

ethano l ,  and i ncubated at roo m  temperature for 1 5  m inutes. The precipitate was 

col lected by centrifugat ion at 1 0  000 xg for 20 minu tes at 4°C .  The pel let was gently  

resuspended in  0 .7  m!  of  TE 50/5 (50 mM Tr is  pH 8 , 1 0  m M  E DTA) and extracted with 

an equa l  volume of pheno l : ch lo roform ( 1  : 1 ) , and then and equa l  volume of 

ch lo roform : isoamyl a lcohol  (24: 1 ) .  The n ucle ic acids were precipitated overnight  at 

-20°C with 1 /2 vo lume of 7.5 M ammon ium acetate pH  7.5 and 2 vo lumes of  ethano l ,  

then  washed with 80% ethano l ,  a i r  dried and resuspended i n  48 �d of T E  50/5 with 2 fAI of 

1 0  m glml RNase A 

4.6g.  Southern b lott ing 

Pichia genomic DNA samples were quantified by spectrophotometry. EcoRI and 8gl 1 1  
d i gests conta in ing  300 n g  of DNA were e lectrophoresed o n  a 0 .8% TAE ge l  as 

descr ibed in  Section  2 . 1 3c. Transfer of the DNA to a ny lon membrane  and fix ing by UV 

l i ght i rradiat ion was performed exactly as described in  Sectio n  2 . 1 3c.  The membrane 

was p re-hybridised in  5 x Denhardts solut ion (0. 1 % Ficol l@ (F icol l@ 400 ,  Pharmacia) ,  

0 . 1 % polyvinylpyrro l idone (S igma) ,  0 . 1 % BSA (Fraction V, Roche»), 5 x SSC, 1 % D IG  

b lock ing reagent (Roche) , 0 . 1  % N- Iaury l  sarcosine ,  0 .02% SOS a t  65°C for a n  h our. 

transform ation to maintain the vector. 
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A D I G- label led probe compris ing the 5' end of the te 1 cDNA was produced by PCR 

us ing t he  pr imers4 SW1 and  TE  1 with the thermocycl ing program DJ50x40 a s  described 

in sect ion  2 . ge .  The probe was assayed by gel e lectrophoresis for quantity and  

homogeneity before use. Hybridisation and  washes were performed at 65°C as 

described i n  Sect ion  2 .ge, except for the hybridisation buffer (described a bove) . 

Str ingency washes were performed i n  0 1 x SSC,  0 1 % S OS at 65°C.  

B lock ing ,  ant i-D IG  AP antibody b ind ing , and washes were performed as  recommended 

by Roche.  Antibod ies were bound at 1 : 20 000 d i l ution .  The C O P-Star substrate was 

used.  

4.6h .  I n du ct ion tria ls  with transformed Pichia pastoris 

The genes cloned i nto the Pich ia vector pP IC9K are under  control of the native alcohol 

oxidase 1 (AOX1) promoter, wh ich is i nduced by methano l  to very h igh  leve l s  (Koutz 

1 989 ;  Tschopp 1 987) , and repressed by g lucose. The vector p DJ07 (pP IC9K : te 1 )  was 

transformed into the Pichia stra in  KM7 1 , wh ich ut i l i ses methano l  as a carbon source 

s lowly due  to a mutant A OX1 10cus. These l i nes were g rown i n it i a l ly in YPD ,  which 

a l l ow s  v igorous growth (but represses genes under control of the A OX1 pro moter) , then 

harvested and resuspended i n  a min i ma l  media  conta in ing methano l  and lack ing 

g l ucose.  

For a\ \  i nduct ions of Pichia strains  the untransformed parent stra in  KM71  was i nc luded 

as a negat ive contro l .  A l ine that had been transformed with same Pichia vector 

( pP IC 9 K) carry ing the cDNA for the Candida albicans gene BGL2 was inc luded as a 

posit ive contro l .  The BGL2 l i ne  had been shown to produce h igh levels of  the BGL2 

prote i n , wh ich i s  secreted into the media (R  Ramsay, pers. comm).  

Pichia g lycerol  stocks were streaked for S ing le co lon ies onto YPD p lates conta in ing an 

appropri ate concentration of G41 8  antibiotic, as determined by in vivo screen ing for 

G41 8  resistance (Section 4 .6e) . These p lates were incubated at 30°C for 48 hours .  1 0  

4 These primers span the region between 1 06 to 1 1 27 bp of the te 1 cONA. 
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m l  of Y P O  media was inoculated with a s ing le co lony from these p lates ,  and incubated at 

30°C for 48 hou rs ,  shaking at 200rpm. A 1 m l  sample of cu ltures in  an  

un- induced state was taken at  th is  stage; the ce l ls  from th is 1 m l  of culture were 

harvested by centrifugat ion at maximum speed for 3 minutes at roo m  temperature and 

the supernatants removed by aspiration .  Cel l  pel lets and supernatants were frozen 

separately i n  l iqu id  n itrogen and stored at -80°C .  Cel ls  were harvested from the 

remainder of the culture by centrifugat io n  at 1 500 xg for 5 m inutes at roo m  temperature , 

the supernatant dra ined off, and the cel l  pel let resuspended in  1 m l  of  buffered 

m etha nol-complex med ium (BMMY; 1 % yeast extract, 2% peptone ,  1 00 mM potass ium 

phosphate pH  6 .0 ,  1 . 34% yeast n itrogen base without ammon ium su lphate and without 

am ino  acids (G ibco BRL) , 4x1 0-5% b iot in ,  0 . 5% methano l ) . BMMY cultures were g rown 

for 2-5 days at 30QC shak ing at 200rpm. To account for evaporat ion of methano l ,  1 00% 

methano l  to  a fina l  concentration of 0.5% was added every 24 hours .  After 48 hours 

g rowth i n  BMMY medium samples of cultures were taken (vol umes varied between 

i n ductions ) ,  cel ls harvested by centrifugat ion in a ben chtop centrifuge ,  at maximum 

speed for 3 m in utes at roo m  temperature ,  and  both cel l  pel lets and  supernatants were 

frozen separately i n  l iqu id  nitrogen , and stored at 

-80°C .  

Both cel l  pel l ets and supernatants were assayed for aFS :TE 1 prote i n  express ion by  

SOS-PAGE and western b lotting .  Ce l l  pel lets were resuspended i n  2x Laeml l i  b uffer ,  

bo i led for 5 m i nutes then centrifuged for 5 minutes at room tem pe rature to extract 

protei n .  I n  some cases supernatants were concentrated us ing Nanosep 1 0K 

m icrocon centrators (Pa l l  F i ltron ) .  See resu lts for quantities loaded. 
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RES U LTS (4) 

Table 4 . 1  describes the expression vectors produced in  attempts to p roduce the TE1 

prote in . D iagrams of  these vectors are shown i n  F igure 4 . 1 . 

Table 4. 1 . P rote i n  expression  vectors 

Vector Construction Expected prote i n  Expected protein 

product m olecular weight 

pDJ01  pMAL-C2 contain ing entire O R F  M BP:TE1  1 1 3 kD 

of te 1 cDNA (pBV432) .  C loned cytoplasmic M B P  

as EcoRI  Xbal fragment 

pDJ02 pMAL-P2 contain ing entire te 1 M BP:TE1  1 1 3 kD 

cDNA. C loned a s  p BV432 EcoRI perip lasmic M B P  

Xbal fragment 

pDJ03 pMAL-C2 with 5' end of le 1 M BP:TE1 1 -286 79 kD 

cDNA.  C loned as EcoRI  Xba l  cytoplasmic M B P  includes 42.7 kD M B P  

fragment o f  pBV426 ( a n  EcoRI and 37 kD TE1 1-286 

8mal  subclone of p BV432) 

p DJ04 pMAL-P2 with 5' end of le 1 MBP:TE1 1-286 79 k D  

cDNA Cloned a s  EcoRI  Xbal  periplasmic MBP 

frag ment of pBV426 

pDJ05 pPROEX contain ing entire te 1 6H:TE 1 7 1  kD 

cDNA cloned as a Xba l  Kpn l  

fragment  of pBV432 

pDJ06 derivative of pDJ05, with ArgU 6H :TE 1 7 1  kD 

PCR product cloned into Nsil site 

pDJO? p P IC9KK containing entire le 1 exF8:TE1 70 kD 

cDNA cloned as EcoR I  fragment 

of p BV432 

p DJ 1 2  p8BET contain ing BamHI T71 0 1 -i3 :TE 1 1 -577 
* 63 kD 

fragment of le 1 cDNA from 

p BV432 

*Clon i ng  i nto the 8am H I  site of pSBET produces a fus ion  of the N-termina l  1 3  amino 

ac ids of T7 phage protein  1 0  with the N-termina l  577 amino acids of  the TE1  protein .  

1 50 
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Eco R l  

le 1 ( 1 -2425) 

pDJ01 

P a re n t  vector: pMAL-C2 
c DNA insert: entire te 1 
protein product: M B P:TE1  
(cytoplasmic MBP) 

Eco R I  

le 1 ( 1 -877) 

p DJ03 

Xbal  

Xba l  

Parent vector: pMAL-C2 
c DNA insert: te 1 5' end 
protein product: MBP:TE1 1-286 

(cytoplasmic MBP)  

EcoRI  

le 1 ( 1 -2425) 

pDJ02 

Parent vector: pMAL-P2 
c DNA insert: entire te 1 
protein product: MBP:TE1  
( perislasmic MBP) 

Xbal  

Eco R I  Xbal  

le 1 ( 1 -877) 

p DJ04 

Parent vector: pMAL-P2 
c DNA insert: entire te 1 
protein product: MBP :  TE 1

1-286 

( perislasmic M BP) 

1 5 1  

F i gu re 4 . 1  a .  Prote i n  express ion  vectors : M B P  fus ion  vectors. Onn l y  t he  essentia l  
features of vector construct ion a re ind icated here. Other detai l s  of t h e  pMAL series 
can be found  at www. n e b . com. The reg ion  of the te 1 cDNA that is  i ncl uded a re 
i nd icated i n  n uc leotides, the restr ict ion sites that were used to c lone these fragments 
from the var ious te 1 cDNA c lones a re i nd icated.  Table 4 . 1  i ncludes a more prec ise 
descript ion of the construction  of these vectors. 
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EcoRI 

te 1 ( 1 -2425) 

pDJ05 

P a re n t  vector: pPROEX 
c D NA insert: entire te 1 

protei n  p ro d uct: 6H TE1 

EcoRI 

te1 ( 1 -2425) 

pDJ07 

Parent vector: pPIC9K 
c DNA i ns e rt :  entire te 1 

p rote i n  p roduct: aFS:TE1 

Kpnl 

Nsit 

Nsi l  

EcoRI 

152 

EcoRt  K p n l  

pDJ06 

Parent vector: pDJ05 (pPRO EX) 
cDNA i nsert: enti re te 1 

protei n  p roduct:  6H:TE1  

BamH I BamHt  

te 1 ( 1 - 1 750) 

p DJ 1 2  

Parent vector: pSBET 
c D NA insert: te 1 Bam HI farg ment 
protei n  product: T7 1 01 - 13 :TE1 1-S77 

F i g u re 4 . 1  b. Prote in  express ion vecto rs: other  constructs. As with F igure 4 . 1  a 
othe r  deta i ls  of vector co nstruct ion can be fo und i n  Table 4 . 1 .  Detai ls of the pPROEX 
vector www . l ifetech.com, and www . inv itroge n . co m  for pPIC9K and Schen k (1 995) for 
details of the p a rent vector p S B ET. 
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4.7 O n ly the a m i n o-term i na l  ha l f  of the TE1 prote in  was produ ced as 
MBP fus ions 

Pi lot st�dies b y  Bruce Veit with a vector identical t o  pOJ01  showed n o  detectab le 

M BP:TE 1 fus ion  protei n  expression when assayed by S OS-PAGE (data not shown ) .  

Sma l l  scale inductions  of p OJ0 1 , pDJ02 (pMAL-C2 : te 1 , and  pMAL-P2 : te 1  respectively) 

at 3rC i n  BL21  cel l s  did not show detectab le  induct ions in my experiments e ither (data 

not shown ) ,  a lthough pOJ03 (pMAL-C2:te 1-5 ') ,  produced a clear band of the expected 

79 kD mo lecu la r  weight in these condit ions (data not shown) .  S im i la rly  at 30°C in B L2 1  

cel l s  the truncated fus ion p rote i n  from pOJ03 was produced , but n o  ful l  l ength fus ion 

prote in  was v is ib le by SOS-PAGE of E coli extracts carry ing pOJ0 1 . 

To determine  whether smal l ,  but usable quantit ies of the fu l l  length fus ion  prote in were 

being p roduced,  2 L of pOJ01  (pMALC2: te 1) and pDJ03 (pMALC2 : te 1-5 ') were induced 

i n  BL21 cel ls at 30°C as described for  la rge scale i nductions .  The ce l l  extracts were 

affin ity purified with amylose columns as described in  Section 4 .3d .  Wh i le  amylose 

affin ity purified truncated fus ion protein (MBP :TE 1 .286) of approximately the expected 79 

kO was produced from pOJ03, the fu l l  length MBP:TE1  fus ion protein obta ined from an 

amylose affinity col umn  was barely detectab le  i n  Coomass ie sta ined SOS-PAGE ge ls  

(F igure 4 .2) . Po lyc lona l  ant ibodies were raised against the M BP:TE 1 1 -286 fus ion  protei n  

(Sect ions 4 . 4  a n d  4 . 1 0) .  
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Figure 4.2. S DS-PAGE gel of affi nity purified MBP :TE1 proteins.  Sign ifica nt q u antit ies  of t h e  
79 k D  M B P : TE 1 ' -286 protei n  cou ld  b e  affin ity p urified o n  a m y l o s e  c o l u m n s  (A ) ,  but  o n ly ve ry 
s m a l l  q u ant i t ies of fu l l  length M BP : TE 1 fus ion p rot e i n  were p urifi e d  ( arrow, l a n e  5 i n  B ) ,  expected 
m o l e c u l a r  weight  1 1 3  kD. In each case 2 L of coli B L2 1  cel l s  were i n d uced at 3 0° C .  The cel ls 
extract was affi n ity p urified o n  a n  a m y l o s e  c o l u m n  a n d  e luted i n  1 6  1 ml fracti o n s .  T h e  p rotei n  
c o n c e ntrat io n s  o f  o d d  n u m bered fracti o n s  w a s  est i m a ted b y  B ra dford assay,  a n d  e i t h e r  1 0  ft l  
(MBP:TE 1 1 -286)  (A ) ,  o r  2 0  �d ( M B P : TE 1 )  (8)  of t h e  protein-conta in ing fract i o n s  w a s  e lectrophorese d . 
Lanes are;  1 )  molecu l a r  weight ma ker  (molec u l a r  weights a re i n dicated at left of gel ) ,  2) fractio n  1 ,  3) 
fraction 3 ,  4) fraction 5,  5) fraction 7 , 6) fractio n  9.  
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4.8 Expression  of fu l l  length TE1  prote in  from the Arg U  tRNA 

construct and the ArgU tRNA-su pp lemented pSBET vector 

1 55 

N o  product ion of the 6H :TE1  protein was detectab le  i n  Coomassie sta ined SOS PAGE 

ge ls  fro m  i ni t ia l  sma l l  sca le i nduct ions of pDJ06 (pPROEX:te 1  conta in ing  the arg U  gene) 

when induced at 3rC in DH5n, BL21  and TB1 cel l  l ines (data not shown) . Western 

b lo tt ing  us ing the anti-MBP :TE 1 1 -286 revealed that smal l quantit ies of the 6H :TE1  protein 

were being p roduced (F igure 4 . 3) .  Western b lots of further inductions  ind icated that 

neither SOC media nor Terrific Broth improved the level of 6H :TE 1  produced from th is 

vector i n  these ce l l  l i nes (data not shown) . 

The quantity of 6H :TE1  protein produced was further examined by affi n ity p ur ificat ion of 

an i nduced E coli extract. Less than 0.2 fAg of 6H :TE1  protei n  per ml  of cu l ture were 

produced , and the extract conta ined coli contaminants that were at least as abundant  

as the tagged protei n  (F igure 4 .4) . 

The lack of expression from the pDJ06 construct led us  to quest ion whether  the 

construct io n  of pOJ06 was suffic ient to overcome trans lationa l  fide l ity prob lems,  

specifica l ly  whethe r  a l l  the e lements of the ArgU promoter had been c loned from the 

pSBET vector by PCR (see d iscuss ion) .  To address th is issue, a BamHJ fragment of the 

te 1 cDNA vector p BV407 was cloned5 i nto  the or ig i na l  pSBET vector .  The argU 

construct in th is vector had been shown to conta i n  a suffic ient proportion of the native E 
coli argU promoter to overcome trans lat ional  fide l ity problems of other prote ins  with 

frequent AGG codons (Schenk 1 995) . The vector, referred to here as  pOJ 1 2  

(pSBET: te 1-BamHI) , codes for 577 of the 656 amino acids of the fu l l  l ength cDNA, and 

i ncludes a l \  3 RRMs.  The pred icted molecu lar  weight ,  inc lud ing the 1 3  amino acids 

derived from the vector is 63 kO. Smal l  sca le induct ions of pDJ 1 2  in B L2 1  (OE3) ce l ls  at 

3rC showed that s ignificant quantit ies of a protei n  of approximately the correct 

mo lecu lar  weight were produced (F igure 4 .5 ) .  The c lon ing stategy used to produce th is  

vector appeared to have some advantages over the pDJ06 strategy where the ArgU 

tRNA was subc loned into another vector (see F igure 4 . 1 b for vector maps) . 

5 The pSBET : te 1-BamHI vector was produced by  Carme l  Gillman 
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F igure 4.3 .  Western blot of h istidi n e  tagged TE1 p rote in  (SH:TE1 ) i n duction from 
pDJOS vector. Cel l  extracts  were from i n d u ct ions of p DJ06 vecto r in B L2 1  cel l  l i n e  a t  
3rC .  La nes are 1 )  B iot i ny l ated m o l e cu l a r  wei g h t  m a rk e r  ( m o lecu l a r  weights a re 
i nd i cated at left) , 2) cel l  extract prior to i n d u ct io n ,  3)  ce l l  extract 1 hour  after i n d u ct io n ,  
4 )  ce l l  extract 2 hours after ind ucti o n ,  5) c e l l  extract 3 hours after ind ucti o n .  The l a rge 
n um be r  of bands that  developed were proba b l y  d u e  to  cross reactivity of the a nti
M B P:TE 1 1 .286 p r i m a ry a nt ibody,  which had not yet been affin ity pu r ifi e d ,  with E. coli 
p rote i n s .  D e spite th is ' non-specif ic'  s ig n a l ,  a new b a n d  of the expected m olecu l a r  
weig ht ( 7 1  k D )  can b e  seen i n  i n d uced samples (upper arrow) a l though samples a re 
equa l ly  l oaded ( lower arrow) . Both D H5a and TB1 ce l l  l ines s howed s imi lar  results .  
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F i g u re 4 .4 .  Coomassie sta i ned S OS-PAGE ge l  of aff i n i ty p u ri f ied 6 H :T E 1  
p rote i n .  On ly very sma l l  quantit ies o f  the 6 H : T E 1  prote i n  were obta ined from N i
N TA affin ity co lumns ,  and s ign ificant levels of contaminating  proteins  were present .  
Lanes are 1 )  m olecu lar  weight marker (mo lecu la r  weights are at  left) , 2 )  1 �lg of 
affin ity purified M BP :TE1 1 -286 fus ion protei n ,  3) 5 �lg of  affin ity p urified M BP : TE 1 1 -286 

fus i on  prote i n ,  4) 1 O�d of concentrated e l uate from N i-NTA co l u m n ,  5 )  1 5 �d of 
conce ntrated e l uate from N i- NTA co lumn .  The co lumn e luates represent the tota l  
purified protein from 5 m l  of cu l ture 
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F igure 4.5. The pSBET vector produces abundant TE1 1 •577 fus ion  p rote in .  A pSBET 
construct contai n i ng  a truncated te 1 cDNA cod ing for the first 577 res idues of the T E 1  
prote i n  w a s  i nduced as descri bed i n  Sect ion 4 . 3b .  The 63 k D  protein i n  t h e  extract i s  
c learl y  v i s i b l e  i n  l anes 6 and  7 .  E. coli TB1 ce l l s  express ing the Trifolium repens 
T RACC02 prote i n  from the pPROEX vector (NEB)  were inc l uded as a posit ive contro l .  
Lanes a re ;  1 )  molecu lar  weig ht marker (Pharmacia) ,  2) p PROEX: TRA CC02 un i nd uced,  
3 )  pPROEX : TRA C C 0 2 1 hour post- ind ucti on ,  4) pPROEX : TRA C C 0 2  2 hours post
i nducti on ,  5) pSBET:te 1 -BamHI u n induced , 6) pSBET: te 1-BamHI 1 hour  post- inducti on ,  
7)  pSBET: te 1-BamHI 1 hours post- induction .  

158 
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4.9 The Pichia pastoris expression system d id not p roduce s ign ificant  

q u antities of  the TE1 prote in  

4.9a .  Ana lysis o f  prote i n  expression by transformed Pichia pastoris l i nes 

Al l  Pichia expression experiments used derivatives of the KM71 Pichia pastoris stra i n  

that h a d  been transformed with t h e  integrating vector pP IC9K conta i ning the le 1 cDNA 

C lona l  l i nes shou ld  contai n  stab le  i ntegrat ions of the vector, and so cu l tures did not 

conta i n  a nt ib iotics. L ines were charactersied by the level of res istance to the a nt ib iot ic 

G41 8  (Tab le 2 . 1 ) , and are referred to as DJ4 1 ,  DJ42 etc. 

I n it ia l ly ,  l ines DJ4 1 , DJ47 and DJ48 were chosen for expression tria l s .  Cu l tu res  of KM71 

were i nc luded as  a negative contro l , and the BGL2 l i ne (which secretes the Candida 

albicans BGL2 protei n  into the media) was i nc luded as a positive contro l .  A l l  l i nes were 

induced as described in Section  4 .6h .  S ince the a Factor s igna l  sequence encoded by 

the p PIC9K vector shou ld  resu l t  in secret ion of the fusion prote in ,  the s upernatants from 

cu l tures induced with methano l  were compared with un- induced cu l tures by SOS-PAGE 

and western b lott ing .  The control stra i n  BGL2 showed induction of a p rote in ,  but  n o  

aSF :TE1  protei n  was detected (F igure 4 .6) .  
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F ig u re 4 . 6 .  S DS-PAGE ge l  of P i c h i a  i n d uct ions .  The s u pernatants  from three 
transformed l i n es of  KM71 stra i n  Pichia showed no i nduct i on  of new protei n  a t  the 
expected 7 3  kD molecu lar  weight .  The product ion  of the BGL2 prote i n ,  i nc lu ded as a 
posit ive contro l .  is c learly v is ib le i n  l ane  three.  Western b lott ing  of the same extracts a l so 
ind icated that n o  s ign ificant quantit ies of the aSF:TE1 protein were produ ced . Lanes a re 1 )  
molecu lar  weight marker (mo lecu lar  weights are ind icated at left) , 2 )  BGL2 l i ne ,  u n i nduced , 
3) BGL2 i nduced , 4) DJ41 l i ne ,  un induced, 5) DJ41 l i ne ,  i nduced , 6 )  DJ47 l ine ,  un i nd uced , 
7) DJ47 l i ne ,  i nd uced , 8) DJ48 l i ne ,  un induced , 9) DJ48 l i ne ,  induced . 
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T o  exc lude t h e  poss ib i l ity that the aSF :TE 1 protein  was produced,  b u t  n o t  excreted ,  

protei n  extracts o f  the cel l  pe l lets were ana lsyed b y  western b lott ing  with the affin ity 

purified  ant i-MBP :TE1 1 -286 ant ibody. As with western b lots of E. coli extracts , mu lt ip le 

bands developed,  but n o  new bands were vis ib le i n  induced cel l  pe l lets that were not 

present in KM71  and BGL2 l ines (data n ot shown) .  

Express ion tri a l s  were condu cted with another 1 6  ce l l  l i nes that had been 

transformed with the pP IC9K : te 1  vector ( l i nes DJ 1 to DJ 1 6) and had n ot been 

selected for h igh res istance to G41 8 . These 1 6  l i nes ,  the KM71 parent stra in ,  and the 

BGI2 l i ne  were induced as described i n  Section  4 .6h .  Samples of the supernatants 

were pooled i nto g roups of four ,  and the protein content was concentrated with 

N an osep 1 0K centrifuga l  concentrators. A sample conta in ing  the prote in  extract from 

25 !J,I of each i n it ia l  1 ml  of BMMY induct ion culture was exam ined by S OS-PAGE 

and western b lott ing with the affi nity purified anti-MBP :TE 1 1 -286 ant ibody. Although 

the BGL2 protein  was clearly v is ib le by SOS-PAGE ,  n o  new bands were v is ib le in 

e i ther SOS- PAGE ge ls  o r  western b lots (data not shown) from any of  the pools .  

S i nce the western b lotting  protocol could detect 1 0  ng of MBP:TE 1 1 -286, the level  of 

aSF:TE1 prote i n  p roduced was less than 40 !J-g IL of i ndu ct io n  cu l ture ,  

4.9b. Ana lys is of  the i ntegrations of  transformed Pichia pastor is  l ines 

The l ack of aFS:TE1 protein expressed by the tran sformed Pichia l in es led us  to 

quest io n  the n ature of the i ntegrations .  Although the l ines that were obta ined from the 

transfo rmatio n  by electroporation  cou ld  g row on a h istid ine  defi cient  medium (ROB) ,  

and were res istant to  the  ant ib iot ic G41 8, i t  was  a forma l  poss ib i l ity tha t  the  

transfo rmatio n  vector had  been rearranged or truncated i n  such a way that precluded 

express ion of the transgene. To address this issue, a Sou thern b lot was produced 

from tran sformed l ines OJ48, OJ47, OJ44, OJ41 and the KM71 parent stra in ,  load ing 

EcoRI and 8g/ 1 1  d igests i n  each case (F igure 4 . 7) .  The b lot was probed with a O IG

labe l led probe produced from the 5' end of the te 1 cO NA with primers SW1 and TE1 

as descri bed i n  Sect ion 2 .ge. The Southern b lot i s  shown i n  F ig u re 4 , 7. EcoRI 

d igests were expected to produce a 2.0 kb band correspond ing to the te 1 cDNA 

EcoR I  fragment cloned into the integ rating vector pP IC9K.  8g/ 1 1  is p resent i n  5 '  

A OX1 reg i on  (promoter) . 1 6 1 1 bp into the te 1 cDNA, and i n  the 3'  A OX1  reg ion of the 

vector, so  was expected to produce a 2.8 kb fragment ,  correspond ing to the 

i ntegrated vector with the AOX1 promoter, te 1 cONA and A OX1 terminator in series. 

Al l hybrid is ing fragments were as expected . 
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i g u re 4.7 .  Southern blot of transgen ic  Pichia l i n es .  Th is  Southern b lot  of four  Pichia l i nes transformed 
i th p P I C9 : te 1  ( pDJ07) ,  p robed with a te 1 c D NA p robe (see S ectio n  4 . 6g ) ,  i n d i cated that the vector had 
Itegrated without rearra ngement.  The pP IC9K vector i s  des igned to i nteg rate one  o r  more cop ies (head-to
dl) at the 3' AOX1 reg i o n .  The expected i nteg rat ion p roduct of pDJ07 is shown be low the b lo t  (TT, 
a nscr ipt io n  term i nator) . The trend of band i ntensi ty in lanes 6-9 and 1 2- 1 5 of the blot correlates with the 
,4 1 8  ant ib iot ic  res istance of the stra ins ,  confi rm ing that they have mu lt ip le i n teg rations of  the vector. Th is b lot 
Jffered from h i g h  background and the scanned image was a ltered with Photoshop .  Lanes a re 1 )  D I G  
I be l l ed A Hindl l l  ladder (Roche) (mo lecu lar weights i nd icated a t  r ight) , 2 )  1 0  pg pP IC9 : te 1  vector (not v is ib le  
I th i s  render ing ) ,  3 )  1 pg pP IC9 : te 1  vector (a /so  not v is ib le ) ,  4)  b lank ,  5-9)  EcoRI d igests ; 5 )  KM71  pa rent 
,ra i n ,  6) stra i n  DJ48,  7) stra i n  DJ47,  8) stra i n  DJ44 , 9) stra i n  DJ4 1 , 1 0) b lank,  1 1 -1 5} 8g11 1 d igests, 1 1 ) 
M71  parent stra i n ,  1 2) stra i n  DJ48 ,  1 3) stra i n  DJ47,  1 4) stra i n  DJ44, 1 5) stra i n  DJ4 1 , 1 6) b lank, 1 7) D I G  
Ibe l led A Hindl l l l adder. 
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Tab le  4. 2 Res istance of transgenic Pichia l ines to G41 8 

G41 8 (mg/m l )  

l i ne  0 . 25  1 .0 4.0 Estimated 

Number of integrations 

DJ41 + 

DJ42 + +/- 1 -2 

DJ43 + + -/+ 2-7 

DJ44 + + + >7 

DJ45 + + + >7 

DJ46 + + + >7 

DJ47 + + + >7 

DJ48 + + + >7 

+ Growth on the stated concentration of G4 1 8  

+/- M argina l  growth on the stated concentration of G41 8  

2 .  N o  growth on the  stated concentration of G41 8  

To confirm that the transforming vector had been constructed a s  designed s o  that the 

vectors 0. factor secretion s igna l  open reading frame derived form the p PIC9K vector 

was conti nuous  with the te 1 gene's the insert j unct ion was sequenced us ing the 

p rimer  BV36.  This sequence confirmed the correct construction of  pDJ07 

(pP IC9K : te 1 ) .  

4. 1 0. C h a racterisation of  the  activ ity of  polyclonaJ  sera 

4.1 0a. I m m u ne sera from both rabbits had activ ity against the M B P :TE1 1-286 

p rote i n  

E nzyme- l inked immuno-sorbent assays (EL lSAs) ind icated that the first co l lect ion of 

immune sera from both rabbits ( immune sera A and  immune sera B) conta ined 

activity aga inst the MBP:TE 1 -286 fus ion protein (F igure 4 .8 ) .  The best rat io of pre

immune sera : immne sera titre was achieved at approximate ly 1 :20 000 d i l ut ion for 

both sera A and B. Further El /SAs ind icated that the titre was unchanged after 3 

further  i njections of MBP:TE1 -286 fus ion protein (data not shown) .  
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F igure 4.8 ELlSA data from raw sera. 
The absorbance at 405 nm of 3 repeats of pre- immune sera , and two of immune sera 

are shown. For both Rabbit A and Rabbit B, the immune sera can be d i luted 1 : 20  000 

before s ign ificant reductio n  i n  the s igna l  occurs .  The d ifference for each d i l ut ion is  

calculated as [average immune sera s ignal] - [average pre-immune sera s ignal] .  

Rabbit A 
Colour development 20 minutes 

Sera P re- im m u n e  average Im m u ne average difference 

d i l ut ion sera sera 

1 2 3 1 2 

1 : 1 00 1 55 1 50 205 1 70 1 3 1 1 1 384 1 347 1 1 77 

U 000 1 22 1 43 1 25 1 30 1 625 1606 1 6 1 5  1 485 

1 :5 000 1 03 1 1 5 527 248 1485 1 432 1 458 1 2 1 0  

1 : 1 0 000 1 02 1 06 1 69 1 25 1 1 7 1  1 09 1  1 1 31 1 006 

1 :20 000 98 1 02 1 04 1 01 1 1 77 1 1 26 1 1 51  1 050 
1 : 50 000 1 02 97 93 97 7 1 8  630 674 577 

1 : 1 00 000 95 98 9 1  94 324 327 325 231 

1 :200 000 94 1 04 86 94 353 376 364 270 

Rabbit B. 
Colour development 1 3  minutes 

Sera Pre- im m u ne average Immune average d ifference 

d i l ut ion sera sera 

1 2 3 1 2 

1 : 1 00 53 1 423 448 467 831 700 765 298 

1 : 1  000 1 84 1 94 301 226 886 1 034 960 734 

1 :5 000 1 1 6 1 1 9  1 31 1 22 653 886 769 647 

1 : 1 0 000 1 2 1  1 1 5 1 43 1 26 648 534 591 465 

1 :20  000 1 04 1 08 1 08 1 06 700 664 682 576 

1 : 50 000 1 06 1 97 88 1 30 385 354 369 239 

1 : 1 00 000 1 04 1 08 90 1 00 1 8 1  1 89 1 85 85 

1 :200 000 1 29 1 24 1 07 1 20 1 82 1 75 1 78 58 

4. 1 0b. Pre-immune sera B had activ ity against the MBP prote in  

T o  qua l itatively characterise the activity of the immune sera , western b lots were 

performed as  described in Section 4 .2d .  Both pre- immune and immune sera A a n d  B 



Chapter 4. T E 1  p rotein expression and antibodies 

were used as pr imary ant ibodies at a d i l ut ion of 1 :200 ( 1  OO-fo ld  less than the 

opt imum d i lu t ion for EL lSA) aga inst membranes that conta ined the M B P:TE1 -286 

fus ion and the maltose b ind ing  prote in  (MBP) that had been produced separately .  

These western b lots ind icated that  pre- immune sera B had activity aga inst the M B P  

(F igure 4 . 9 ) .  Because th is  activity may represent a s ign ificant port ion o f  the a l ready 

l ow t itre of sera B th i s  sera was excluded from further experiments . 

165 

4.1 Qc.  A nt ibody activ ity against M B P  and TE1 1 -1 86 port ions of the fus ion p rote in  

M B P  fus ion prote in  produced from pMAL vectors inc lude a Factor Xa protease s igna l  

sequence between the MBP gene and the cloned gene .  P i lot exper iments ind icated 

that the fus ion  prote in  was effectively c leaved by Factor Xa (data not shown) ,  and  

p roduced a -42 kD M B P  cleavage product and  a -37 kD TE1 1 -286 cleavage product<>. 

To ensure that i m mune sera A conta ined activity aga inst the TE 1 1 -286 port ion of the 

fus ion  protei n ,  western b lots were performed aga inst separated Factor Xa cleavage 

produ cts .  

Factor Xa-di gested MBP:TE1 1 -286 (20�tg) was separated i nto MBP and TE1 1 -286 

port ions  by affin ity pu rif icat io n  of the M B P  port io n  on an amylose col umn  (NEB) .  The 

col umn  wash (flow-through) fract ions were expected to conta i n  the TE1 1 -286 cleavage 

product ,  and the M B P  port ion was eluted w ith ma ltose. Concentrated col umn  

fract ions were examined by  western b lott ing (F igure 4 . 1 0) .  No  protei n  was  detected 

in the flow-through fract ion by a commercia l  anti-MBP antibody (NEB) ,  i ndicat ing that 

the M B P  fractio n  was completely retai ned in  the col umn .  The anti_MBP:TE1 1 -286 

a nt ibody (sera A) detected a prote in  from th is fract ion that was of the expected 

molecu lar  weight (37 kD) for the TE1  � -286 peptide. Assuming that the co lumn d id not 

retai n  any of the TE1 1 -286 pept ide, sera A (1 : 200 d i l ut ion) detected 1 60 ng of th i s  

pept ide. 

" The 37 kD TE1 , ·28. cleavage product is predicted t o  include the following vector-derived 73 amino acids before encountering an in

frame TAG stop codon: GPTSSRVDLOASLALAWlORRDWEN PGVTOL N  

R LAAH P P FASWR N SEEARTDRPSO O LRSLNG EWOLGCFGG. 
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p re-im m u n e  i m m un e  

F i g u re 4 . 9 .  P re- i m m u n e  s e ra B 
showed activ i ty aga inst the M B P .  
I n  th is  western b l ot pre- immune sera 
B was  the pr imary a nt i body fo r the  
l eft pane l ,  and  i m m u n e  sera B for 
t h e  r i g h t  p a n e l ,  bo th  sera were 
bound at 1 :200 d i l u ti o n .  Lanes a re 
1 )  1 00 n g  of M B P ,  2 )  1 00 n g  of 
M B P TE 1 1 -286 

204 kD 

1 23 

8 0  

4 8  

1 2 3 

anti-M B P  

� __________ �166 

4 5 1 2 3 

a nti_MBP : TE 1 1-286 

F i g u re 4 . 1 0 . Sera A has act iv ity aga inst both M B P  a n d  TE1  portions of the fus i o n  
p rote i n .  T h e  M BP:TE 1 1 -286 fus i on  p rote i n  was cleaved i nto M B P  a n d  TE 1 1 -286 portio n s  b y  
F a ctor X a  p rotease, a n d  the  port ions  separated with a n  amy lose column which n inds  t h e  
M B P  but  a l l ows the T E  1 1 -286 to  p a s s  thro u g h  ( see Sect i on  4 . 1 0c) , We

'
stern b lots were 

b o u nd with e ither 1 : 1 0 , 000 a nt i -MB P  a nt ibody ( N E B) o r  1 : 2 0 0  anti-MBP :T E 1 1 -286 immune  
ser.a A .  M e m b ra ne boun d  with a nti-MBP,  1 )  B iorad mo lecu lar  weight  marker (mo lecu la r  
we igh ts at  l eft ) ,  2) prote i n  e l uted from co lumn ( M B P ) ,  3 )  co l u m n  fl owt h ro u g h ,  4)  
M BP:TE 1 1 -286 fusion prote i n  pr ior  to factor Xa  d igest i on ,  5 )  M B P : T E 1 1 -286 fus i on prote i n  
�
8
�er  �a rt ia l  fac

,
tor X a  d ige�t io n ,  Membrane bound with a nt i _MBP :TE1 1 -286 , 1 )  M B P :TE 1 1 -

fus ion  prote in  after part i a l  factor  Xa d igesti o n ,  2) p rote i n  e luted from col umn  (M B P) ,  3 )  
co lumn flow-through .  
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4. 1 0d .  The aff in ity purified a ntibody has activity aga inst a l l  maize tissu es 

It was known that sera A conta i ned activ ity against the TE1 1 -286 pept ide.  To increase 

the t itre, the raw sera was affin ity purified aga inst the MBP:TE 1 1 -286fus ion protein 

(Sect ion  4 .4b) .  Western blots i ndicated that with sera d i lut ions that developed on ly a 

s i ng le  band ( 1 : 6 000 to 1 :8 000) , the prote in  detected was present i n  both normal  and 

te 1 - 1  mutant SAM ,  leaf and root t issues (F igure.  4 . 1 1 ) . S ince te 1-1  transcr ipts cou ld 

not be detected by northern b lotting  (B .  Veit ,  unpub l i shed data ) ,  and norma l  leaf 

t issues conta i n  at  least 1 00-fo ld less te 1 transcript than SAM tissues (Sect ion 2 . 1 2) ,  

the TE 1 p rote i n  i s  n o t  expected t o  be present i n  these t issues. At lower d i l ut ions of 

the sera, o r  with longer exposures of the substrate to fi l m  mu lt ip le bands were 

produced (not shown) .  No band (s) could be identif ied that were un ique to normal  

maize extracts . The affin ity purified antibody therefore conta i ns  some activity aga inst 

a ub iqu itous ma ize prote in  o r  prote ins ,  and could not be used for experiments that 

requ i red specifi c  detect ion of the TE1 prote i n .  
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F i g u re 4 . 1 1 .  The affi n ity purif ied a nt ibody had  activ ity a g a inst  a l l  m a ize 
tissues exam i ned.  Th is  western b lot deve loped as described i n  Sect ion  4 . 2c,  the 
affin ity pu r if ied ant i- M B P :TE 1 1 -286 p rimary a nt ibody was bound at  1 : 6 , 000  d i lu t ion .  
N ote that  the ant ibody detects at  least  a prote in  of the same s ize in  a l l  t i ssues 
( l a ne s  3-8) .  Lanes are ;  1 )  B io t i ny l ated m o lecu l a r  we i g h t  m a rk e r  ( B io rad )  
(mo lecu lar  weights i nd icated a t  left) , 2 )  1 ng M8:TE1 1 -286 prote i n ,  3 )  no rma l  (873) 
SAM ,  4) te 1 - 1  mutant  SAM , 5 )  norma l  leaf, 6) te 1 - 1  l eaf, 7)  no rma l  root 8 )  te 1- 1 

root. 1 0  fAg of protein was loaded for each t issue. 
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DISC USSION (4) 

4.1 1 .  Why was the TE1  p rote i n  not p rod uced in E. coli? 

Only  the N-termina l  portion  of the TE 1 prote i n ,  encoding the first two RRMs of the 

prote i n ,  could be expressed i n  E.  coli without the argU tRNA gene.  Both MBP fus ions  

and h istid ine-tagged vers ions of  th is  peptide cou ld  be expressed7. We first 

considered two poss ib i l it ies for the fai lu re of E. coli to produce the fu l l  length TE 1 

prote i n :  either the TE1 protein was toxic due to non  specific RNA b ind ing activity, o r  

the protein was not effic ient ly tran slated ,  or  was rap id ly degraded. S ince E. coli 

cul tures d id  not appear to grow a ny more s lowly after i nduct ion with I PTG i n  the 

presence of  ant ib iot ic select ion for  the vector ,  we focused on codo n  b ias .  

The assumpt ion was that a low codon frequency i n  a part icu lar host i nd icated that the 

popu lat ion of the corresponding tRNA was l ow. The shortage of tRNAarg4 has been 

show n  to cause ribosomal fram e  shifts at tandem AGA and AGG codons (Spanjaard 

1 990 ) .  The a rg in ine  codons AGG and AGA are recognized by the same tRNA 

(product of the argU gene) .  The te 1 cDNA conta ins  n ine  AGG codons ,  inc lud ing one 

i nstance of two consecutive AGG codons (AGG AGG) . The argU gene (encoding the 

tRNA with ant icodon AGG) was used to overcome potentia l  prob lems with the 

trans lat ion of the te 1 gene caused these rare codons .  

The first construct (pDJ06) , fa i led to improve the expression  leve ls .  Th is construct 

i ncl uded the E. coli argU gene that was amp l ified form the parent vector pSBET by 

peR and c loned in to another expression vector (pPROEX). There are some issues 

concern ing  the construction  of pDJ06.  The argU pe R product inc luded the a rg U  

transcript and native E. coli promoter from posit ion -44 to (where the transcript ion 

start s ite i s  +1 )  to +230bp.  Whi le  th is reg ion  inc ludes the m in ima l  p romoter and w i l l  

i n it iate tra nscriptio n  i n  E. coli (Saxena 1 992) , i t  does not  i nc lude the u pstream 

act ivatio n  sequence that extends to positio n  -238 . Studies of argU promoter e lements 

(Saxena 1 992) i nd icated that th is reg ion  increased transcription  fou r  fold .  Another 

issue was the product ion of the argU i nsert by peR. I t  is  ent irely p laus ib le  that a 

7 I t  was later found  that another construct conta in ing th e  5' port ion of the te1 c D NA encod ing  
t h e  first 286 amino acids of the  TE 1 prote in  also p roduced a protein of the expected s ize. The EcoRI

Smal fragment of the te 1 cDNA was cloned from the vector pBV246 (a subclone of the te 1 cDNA 
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s ing le  nucleot ide mutat ion dur ing PGR or c lon ing could cause the tRNA gene to be 

non-funct iona l .  The s ing le  c loned argU peR product that was c loned was n ot 

sequenced , so we cannot d iscou nt the poss ib i l ity that the pDJ06 vector was used for 

express ion experi ments conta ined a non-functiona l  argU gene. 

Once the BamH I  fragment of the te 1 cDNA was cloned d i rectly i nto pS BET, wh ich 

conta ins  the fu l l  argU promoter, p roduction  of the TE1  prote in  i ncreased d ramat ica l ly 

(compare F igure 4.4 to F igure 4 .5 ) .  The 577 amino acids of the TE1 protei n  produced 

from this construct conta in  eight of the n ine AGG codons ,  and a l l  3 RRMs (F igure 

4. 1 2) .  The pSBET vector, which conta ins  the ArgU tRNA gene transcribed from its 

nat ive E. coli promoter, appeared to solve the prob lem.  This i n format ion has two 

coro l l a ries .  F i rst ly the protein with a l l  3 RRMs does not appear to be toxic to E. coli, 

even i n  relat ively l a rge  quant it ies. Secondly ,  as d iscussed above, the prev ious argU 

PCR c lon ing  strategy seems to have been flawed.  The ful l  length protein was c loned 

i nto th is  vector due to lack of t ime.  

The commerc ia l  development8 of transgenic coli conta i n i ng i ntegrations  of both 

the arg U  gene (AG G ,  AGA codons) , and also iso leuc ine (AUA) , leuc ine (CUA) , and 

pro l i ne  (GCC)  tRNA genes has made vectors conta in i ng  such tRNA genes 

u n necessary .  H igh  quantit ies of the Arabidopsis TEL2 prote in  has been produced in 

such a cel l  l ine (Y. Trainor ,  unpub l ished) .  

vector p BV432) i nto p PROEX by  Carmel Gi l lman. No expression was seen from a construct 
exp ressin ing the C-termina l  578 to 655 amino acids. 

8 Stratagene BL2 1 -CodonPlus ™ stra in .  
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Figure 4.1 2. The rarity of te1 codons in heterologous hosts. The two graphs plot the inverse 
frequency (rarity) of each te 1 codon i n  E. coli and Pichia pastoris. Representations of the various 
portions of the TE1 protei n that were expressed (red font) . or were not (black font) are shown 
between the g raphs. All the codons above 0.4 rarity are AGG argini ne codons. for which ArgU is 
the tRNA. 
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4. 1 2 . Why was the TE1 prote in  n ot prod uced i n  Pichia pastoris? 

It seemed with E. coli that successfu l complementat ion of the tRNA pool  by the argU 

gene improved expression .  Given that there are 29 codons i n  the te 1 gene that are 

above the 0 .4  level of 'codon rarity' i n  Pichia pastoris , i nc lud ing 3 i nstances of  

consecutive rare codons (F igure 4 . 1 2) ,  i t  is  not  surpris ing that the TE 1 protei n  was 

not produced. It i s  c lear that codon rarity can preclude heterol ogous protein 

expression . 

4. 1 3 . The ' n o n  s pecific '  activity of the polyc lona l  a ntibod ies 

Whi le  the affin ity purified sera contained some activity aga inst the TE1 1 -286 protein  

(Sect ion  4 . 1  Oc) , the development of  bands in  tissues that  conta i n  the s igni ficant ly 

lower l eve ls of the te 1 transcript ind icated that the ant ibodies were cross react ing 

with some other  maize protein (s) .  There are two ways that  th is prob lem cou ld  be 

so lved . F i rstly the rema in ing sera cou ld  be affin ity purified aga inst a TE1  fus ion  

p rote in that does not conta in  the MBP,  so that  ant ibodies with affin ity to the M B P  w i l l  

be l os t ,  and  conversely a nti-TE1 activity may increase. 

Second ly ,  the a ntibody was raised against the N -term ina l  reg ion of the TE1  prote i n ,  

wh ich  i nc ludes the  first two RRMs. BLAST searches i ndi cate that t h i s  reg ion  i s  most 

s im i l a r  to 'canon ica l '  two-RRM RNA b ind ing protei ns  as  described in B i rney ( 1 993) ,  

i nc lud ing  sp l ic ing factors (Figure 3 . 1 ) ,  a n d  are present i n  a l l  eukaryotes . 

Compar isons of  the structures of seven RRM doma ins  whose structure h ave been 

so l ved ind icates that th is RRM domain i s  extremely h igh ly conserved , with a number  

o f  a bso lutely conserved residues (Figure 1 . 2 ,  S Moore pers. comm. ) .  These prote ins  

a re l i ke ly to be present i n  much h igher a bundance than the TE 1 p rotein and  so even 

low affin ity of the ant ibody for these prote ins could overwhel m  a wea k  s igna l  for the 

TE 1 p rote in .  The C-termina l  RRM domain is  less s im i la r  to canonica l  RRM prote ins ,  

so m ay be a better substrate for antibody product ion .  

T h e  structure-based a l ig n ments of Mei2- l i ke prote i ns  y ie ld good predict ions for the 

l ocatio n s  of the var iable,  so lvent exposed loops of  the prote i ns  (Chapter 3) .  These 

reg ions  a re the most suitable regions to raise or affin ity purify ant ibod ies aga inst .  
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4. 1 4. Conc lud i n g  remarks a n d  futu re p rospects 

Two s ign ificant advances have made the study of TEL g roup prote i n  funct ion much 

more tractab le :  the complet ion of the Arabidopsis genome,  which a l lowed TEL 1 and 

TEL2 cDNAs to be c loned relatively eas i ly ,  and the deve lopment of  codon 

supp lemented coli stra ins ,  which a l lowed a h isti d i ne-tagged TEL2 prote in to  be 

expressed rout ine ly (V Tra inor, unpub l ished data ) .  The ease wi th which Arabidopsis 

can be transformed may a lso o bv iate the need to raise antibodies aga inst such 

p rotei ns ;  the mai n  app l ications  of such ant ibod ies ( immuno loca l isati on  and 

immunoprecipitation )  can be performed by other methods such as GFP fusions  and 

the TAP construct, which a l lows proteins and bound prote in  cofactors to be purif ied 

from plant extracts ( Rigaut 1 999) .  
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C HA PTER 5 :  ECTO P I C  EXPRESS I O N  O F  

TEL G E N ES I N  ARA BIDOPSIS 

5 . 1  ABSTRACT 
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Two TEL g roup  genes have been ectopica l ly expressed in  Arabidopsis, both with 

cont ingent n uclear loca l isation .  The maize te 1 gene was expressed under the control 

of a copper- i nd uc ib le promoter, both with and with out the SV40 la rg e  T antigen 

n uc lear local isat ion s igna l  (NLS) .  No  abnormal phenotypes that consistently 

correlated with the expression leve ls  of either the te 1 transgene or  the NLS: te 1 

transgene were o bserved. The Arabidopsis TEL2 gene was expressed from a 

constitutive promoter, as a g lucocort icoid receptor (GR) fus ion  protei n ,  TEL2 : GR.  

G lucocort icoid fus ions are local ised to the n ucleus in  the presence of the synthetic 

hormone dexamethasone. P re l im inary stud ies have not identified any d ifferences 

between dexamethasone treated TEL2 : G R  p lants and u ntreated TEL2 :GR p lants .  

The lack of phenotypes from the express ion of  these genes cou ld  be due to  techn ica l  

p rob lems wi th  vector construct ion o r  transfo rmation ,  o r  to b iological factors such as  

g enet ic red undancy i n  t he  funct io n  of TEL group prote ins ,  d ivergence o f  structure o r  

funct io n  o f  TEL g roup proteins  over t ime, o r  t he  requ i rement for some accessory 

factor(s) for gene function .  
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M ETHODS (5)  

5.2 Construction of  vectors for transformation of Arabidopsis. 

5.2a.  Construction  of copper- induc ib le  transformation vectors 

The copper i nduc ib le  promoter system was developed in  Nicotiana to a l l ow induc ib le 

gene express ion  i n  p lants ( Mett 1 993) . The transformation vector constitutively 

express the S. cerevisiae A CE 1  gene, that activates transcription from a chimeric 

prom oter on ly  i n  the presence of �tM concentrat ions of GUS04. The promoter was 

contstructed from a fus ion of the S. cerevisiae meta l loregulatory e lement (MRE) to 

which the AGE 1  protein b inds in  yeast and the GaMV 25S promoter. 

Two vectors in the series were used (F igure 5 . 1 ) ; pPMB7066 is  a pUG 1 1 9 derivative 

contai n i ng a ch imeric pro moter consist ing of one copy of the Saccharomyces 

cerevisiae A CE1  transcript ion factor b ind ing s ite (MRE) fused to the 90 bp 35S 

pro moter, a short poly l i nker and a nos term inator, and pPMB765 which contai n s  the 

e lements requ i red for Agrobacterium mediated p lant transformat ion .  The open 

read i ng  frame of  the te 1 cDNA was cloned into pPMB7066 as  a n  Xba l  Kpn l  frag m ent  

fro m  pBV432 to  create pPMB70661te 1 .  The MRE - te 1 - nos  'casette' was  c loned i nto 

the Notl s ite of pPMB765 by part ia l  d igestion of pPMB70661te 1 with Notl , iso lat ion of  

the 2 .8  kb d igest ion  product from a ge l ,  ge l  extract ion and l igat ion as described i n  

Sectio n  2 .3e .  This created p DJ09 a n d  pDJ 1 1 ,  which have the MRE - te 1 - nos 

casette i n  the same o rientat ion as the A CE 1  gene,  and PDJ8 and  pDJ1  0 which have 

the M R E  - te 1 - nos cassette in  the opposite ori entat ion .  These vectors were 

screened with i nformative Hindl l l ,  Notl , and XballKpnl d igests. The junct ions 

between the M RE/35S promoter, and the te 1 cDNA of pDJ 1 0 and p DJ 1 1 were 

sequenced a s  described i n  Section 2 .4c us ing the BV36 primer. 
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Not! 

pPMB765 

nptIl A CE 1  g5  & g7 pA 

Not! Not! 

p DJ1 0  

nptIl A CE 1  g 5  & g 7  pA te1 MRE/35S 

Not! 

p DJ 1 1  
Xbal 

Not! 

I1ptll ACE1 g5  & g7 pA M R E/35S te1 

Not! Not! 

pDJ 1 3 

nptll A CE 1  g5  & g 7  pA M RE/35S te1 

Xbal BamHI 
pTEL2 :GR 

l ip! // TEL2 G R  (50B-795) 

F igure 5 . 1 . Vectors constructed for express ion  of te1 a n d  TEL2 i n  A rabidopsis. O n ly T-O NA port io n s  of vectors a re shown .  Other d etai ls of 
pPMB765 and pPMB7066 Mett ( 1 993) ,  and Aoyama ( 1 997) for the g luc ico rt ico id fus ion vector .  The pPMB765 T -DNA conta i ns  on ly  the Nptll gene 
(conferr ing kanamycin resistance i n  p lants) , and the S. cerevisiae A CE 1  gene u nder contro l  of the constitutive 35S promoter .  The pOJ 1 0 and pOJ 1 1 
T-O NAs cons ist of the p PM B765 T-ONA with the {MR E/35 S  promoter - te 1 cONA - nos term i nator} cassette c lo ned i nto the N ot l  s ite i n  e ither the 
same or ientation  as the A CE 1  gene (pOJ 1 1 )  or the in the o p po site o ri en tat ion  to the A C E 1  gene (pOJ 1 0) .  I n  each case the te 1 gene i s  correctly 
posit ioned to be transcribed form the M R E/35S promoter. The p OJ 1 3  T-ONA is a derivative of p OJ 1 0  with an o l i gonucl eotid e  encod ing  the  SV40 
N LS c loned i nto the Xba l s ite (dashed l i ne)  in fram e  with the te 1 read ing  frame .  The TEL2 : G R  vector T-DNA consists of the Nptll gene and  a 35S
driven fus ion of the TEL2 gene and of the a port ion of the g lucicort icoid receptor gene (GR) encod ing the amino  acids 508 to 795 .  
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Duri ng  the course of he research we considered whether the TE 1 prote in funct ioned 

i n  the nucleus ,  or the cytop lasm,  o r  both . We chose to exam ine the effect of  

ob l igatory nuc lear  loca l isation .  To attach an N-termina l  n uclear loca l isat ion s igna l  

(N LS) to the TE1  protein expressed form the copper- induc ib le construct, a doub le  

stran ded D NA o l igonucleotide encoding the SV40 large  T ant igen N LS ,  (amino acids 

MAPKKKRKV,  Kalderon 1 984) ,  was inserted into the pPM87651te 1 constructs as 

fo l lows.  The complementary N LS_SENSE and NLS_ANTI  o l igonucleotides 

(Appendix 1 )  were bo i led for 5 minutes at 20 pmol/�1 concentration and a l l owed to 

cool to room temperature to anneal ,  then 40 pmol of this annea l ing react ion was 

phophatased with 0 . 8  un its of heat lab i le  a lka l ine phosphatase (TsAP ,  Gibco 8RL) .  

Th is short DNA fragment was l igated1 i nto the Xbal  s ite of pDJ 1 0 a nd pDJ 1 1 .  

P otentia l  colo ni es were screened from STET p lasmid p reparat ions (Sectio n  2 . 2g) by 

PCR with the pr imers N LS_SENSE and a reverse primer c lose to the 5' end of the 

te 1 cDNA ( 8V36) in a standard PCR react ion (Sectio n  2 . 3c) us ing the thermocyc l ing 

program DJ53x40 .  The MRE/35S promoter - te 1 cDNA j unct io n  ( inc lud ing the N LS) ,  

of the vectors pDJ 1 4  and pDJ 1 5 , were sequenced as  above. Sequenc ing confi rmed 

that the ATG start codon was present i n  the N LS o l igonucleotide i nsert ,  and the 

read i ng  fram e  was continuous with the te 1 frame.  

S .2b.  Construction  of g lucocorticoid transformation  vectors 

This  vector was  constructed by Carmel  G i l fman .  The TEL2 cDNA was c loned  into the 

Xba l  and 8am H I  s ites of the g lucocorticoid fus ion vector p81-L'lGR us ing a PCR 

strategy .  The TEL2 cDNA was amplified from 500 ng of pVTTE L2 us ing the  pri mers 

G LUX-5 and  G L U 8-3 which span the TEL2 open read ing frame ,  and  conta in  an Xba l  

and  BamHJ l i nkers respectively (see Appendix 1 ) . A PCR program equivalent to 

DJ55x9 was used in a standard PCR reaction  (Sectio n  2 . 3c) , except that a h igh 

fide l ity polymerase was used (Roche High Fidel i ty) .  The TEL2 PCR product was 

c loned into pGEM-T Easy ( Promega) ,  and the Xba l  BamH I i nsert of  th is vector was 

then c loned i nto  p BI-L'lGR to create p81L'lGR:TEL2B (see footnote2) . I niti a l  E. coli 

co lon ies were confirmed by colony PCR with GLUX-5 and  GLU8-3 primers (Section 

2 . 3d ) ,  as  were A grobacterium transfo rmants .  Neither the sequence of the PCR 

product ,  or  the vector- insert junct ion were verified by sequenci ng ,  b ut the l a rge 

I The annea led NLS ol igonucleolides were phophatased 1 0  prevent multimers forming ,  l ig ation react ions 
contained the NLS ol igonucleotide i n  1 : 1 00 molar excess over the Xbal d igested vector (not 
phosphatased) . 
2 pB I-L'lGR:TEL2A was a lso constructed from an in it ia l  TEL2 cDNA clone that with a deletion relative to 
the TEL2B clone that was subsequently recovered. The TEL2B clone is considered to be fu l l  length 
cDNA (V. Tra inor unpubl ished).  
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quantity i n it ia l  cDNA vector template (500 ng) ,  low cycles (9) ,  and h igh fide l ity 

po lymerase were designed to reduce the chances of point mutations .  

5.3 Transformation  of Agrobacterium 

The A grobacterium tumefaciens strai n  GV31 0 1 , was mainta ined on YES plates 

( 1 . 5% beef extract, 0 .3% yeast extract ,  0 .3% peptone,  1 . 5% sucrose,  1 . 5% agar) ,  

with 20 �lgiml gentamycin (YES Gent2°) to mainta i n  selection  for the b inary vector 

pMP90.  E lectrocompetant cel l s  were prepared as for E. coli (Sectio n  2 . 2d ) ,  except 

that YES Gent20 media was used, and cultures were g rown at 28°C.  Ce l ls  were 

transfo rmed as described for coli (Sectio n  2.2e) (25 IlF, 2 . 5  kV, 200 0),  except 
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that ce l ls  were ' rescued' in YES Geneo for 3 hours at 28°C,  before being p lated onto 

YES Gent2° p lates conta in ing  an  antib iot ic to select for the T-D NA vector (1 00 �lgiml 

kanamycin for p PMS765 vectors , 50 Ilgim l  kanamycin for the pSI-6GR vector) . 

To confi rm that pPMS765-based vectors were not rearranged by the Agrobacterium 

tumefaciens stra in  GV31 0 1 , the vector pDJ 1 0  (pPMS7651te 1) was isolated from th is 

stra i n  by a lka l ine lys is exactly as for E. coli (Secti on  2 .2f) .  So that a range of  

i nd iv idua l  vector mo lecules cou ld  be examined separately, a samp le  of th is p lasmid 

p reparat ion was transfo rmed i nto E. coli by heat shock. S ing le colon ies were 

selected , and e ight smal l  sca le  preparat ions of p lasmid were prepared . These 

samples were compared by informative Notl , XballKpnl ,  and Hindl l l  digests to a 

p DJ 1 0  sample that had not been propagated i n  Agrobacterium tumefaciens GV31 0 1 . 

I n  a l l  cases the d igestion  products were the same. 

5 .4 G rowth of Arabidopsis 

Seed was sown onto wet seed l ing rais ing mix (Yates Slack Magic) covered with a 

p last ic bag , and verna l ised for two days at 6°C.  Pots were transferred to a g rowth 

chamber set to 23°C ,  65% relative humid ity, and either an e ight or a 1 6  hour 

photoperiod w ith  300-400 Ilmoles m,2 S,1 PAR l ight .  P lastic covers were removed 

from pots once cotyledons had emerged. 
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5 .5  Tra nsformation of Arabidopsis by vacuum i nfi ltratio n  

S .Sa .  Overview o f  the procedure 

This  protocol i nvolves d i pp ing flowering  Arabidopsis shoots i nto a suspens ion of 

Agrobacterium (Bechto ld 1 993) . The Agrobacterium transform approximately 0 .2% of 

ovules (Ye 1 999) , to produce hemizygous transgenic seed , which a re se lected by 

germ inat ing seed o n  an  appropriate ant i b iot ic . Many variat ions i n  the protocol are 

used,  the most important parameter appears to be health and developmental stage 

of the p lants .  

In th i s  thesis p lants that are d ipped i nto Agrobacterium cultures are referred to as the 

TO generatio n ,  pr imary transformants as the T1  generation ,  and the progeny as  T2 

generation .  T2 plants were produced by a l lowing T 1  p lants to self  ferti l ise .  Because 

primary tra nsformants a re usual ly hemizygous with 1 or  2 i nserts of the T-O NA, T2 

p lants are expected to segregate at approxi mately 3 :  1 or  1 5 : 1 for the presence of the 

T-ONA. 

S.Sb.  Vacu u m  infi l tration 

Arabidopsis thaliana Columb ia  ecotype plants were sown i nto pots covered with a 

ny lon mesh,  so that the plants grew up  between the mesh .  P lants were g rown with 

short days unt i l  the i n fl o rescences were 1 - 1 0 cm long .  Pr imary i n fl o rescences were 

then removed to reduce apica l  dominance, a l lowing secondary i n flo rescences to 

g row. P lants were i nfiltrated with Agrobacterium 4-6 days after c l ipp ing .  

A 1 . 5 L YEB Gent20 cul ture of Agrobacterium tumefaciens stra i n  GV3 1 01 carry ing 

the b i nary vector was g rown at  28°C with ant ib iot ics to select for the T-ONA p lasmid 

unt i l  m id  log phase (see footnote3) (00600 - 0 .8) .  Ce l l s  were harvested by 

centrifugat ion at 4200 xg , and resuspended in 1 L of  i nfiltration media (0 .5  x MS 

salts, 1 x 85  MS vitam ins, 5% sucrose, pH  5 . 8) ,  fol lowed by addit io n  of 50 III of 

S i lwet L77 (Leh le Seeds) .  P lants (TO) were uptu rned in the Agrobacterium 

suspens ion and a vacuum drawn i n  a dessicator unt i l  the so lut ion bo i led for 5 

m i nutes (see footen ote4) . P lants were then stored overn ight  i n  a p last ic covered tray,  

3 Growth of  Agrobacterium to  mid  log  phase takes approximately 2 4  hours when started with a 1 /1 000 
d i lut ion of a stationary phase culture .  

4 Later experiments showed that  drawing a vacuum i s  not necessary. 
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and the cover removed over 3-5 days. P lants were a l lowed to self fert i l i se .  The 

vectors that were transformed i nto Arabidopsis are described i n  Table 5 . 1 .  

Table 5 .  1 Transgenic A rabidopsis constructs 

Type Vector Construction L i n es 
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generated* 
Copper- pPMB765 T-DNA conta ins  only Nptff and ACE1 genes 6 
inducib le (Mett 1 993) .  No  transgene 

p DJ 1 0  pPMB765 with [MR E  - te 1 cDNA - nos] cassette 23 
in ' reverse' or ientation .  Transgene te 1 cDNA 

pDJ 1 1 pPM B765 with [MR E  - te 1 cDNA - nos] cassette 4 
in 'forward' orientation. Transgene te 1 cDNA 

pDJ 1 3  pPM B765 with [MRE - N LS : te 1  cDNA - nos] 9 
cassette i n  ' reverse' orientation A derivative of 
p DJ 1 0. Transgene N LS : te 1  cDNA 

G R  receptor p B I-6GR:TEL2B pBI-�GR with TEL2 GLUX-5/GLUB-3 PCR 3 

p roduct .  Transgene TEL2:jGR. 

* The number of l ines examined for abnormal phenotypes. Less l ines have been examined on the 
molecular  level. 

5 .5c.  Selectio n  of transformants 

P lants transformed with the copper i nduc ib le vector, pPMB765, were selected o n  M S  

medi a  lack ing C US04 conta i n i ng 1 00 fAg/m I kanamycin a n d  1 00 fAg/ml cefotax ime 

(MS-Cu kan 1 0 0  cefo 1 0 0) .  Plants transformed with the g lucocort icoid fus ion  vector pB ILl

G R  were selected on  50 fAg/ml kanamyc in .  T1  seed, were steri l ised by rins i ng with' 

80% ethano l  for 1 m inute, 7 . 5  % sod ium hypochlorite (50% domestic b leach) , 0 . 05 %  

Tween 20 for 5 m i nutes , and  r ins ing three t imes i n  steri le  M i l l i-Q water. Seed were 

res uspe nded i n  warm 0 .5% agar, and poured a n  M S  kan 1 00 cefo 1 0 0  p late conta i n i ng  

0 .8  % agarose. U p  to 2000 seed (40 fAg) were germinated per  p late .  To repress 

fungus  g rowth 20 !J.I of fung ic ides 0 . 05% Ben late , 0 . 1 5% Chlorothaio n i l  were app l ied 

to the surface of MS kan 1 00 cefo 1 00 media  before addit ion of seed. Seeds were 

germinated at 23QC with either an  8 or  1 6  hour photoperiod unt i l  ant ib iot ic  resistant 

seed l i ngs  were c learly  d ist ingu ished from susceptib le  seed l i ngs .  Resistant seed l i ng s  

(T1 p lants) were transferred t o  so i l  a n d  a l lowed t o  self fert i l i se ,  g iv ing r ise t o  T 2  seed .  

Notes 

Empty 
vector 
control 

express ion 
not 
confi rmed 
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5.6 I n duction  cond it ions for p lants with copper-i n d uc i ble  

tra nsgenes 

5.6a. I n duct ion i n  synthetic media 
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I t  was suspected that  expression of the te 1 transgene may terminate development of 

the SAM, therefore p lants were in itia l ly sown on MS kan 1 00 media conta in ing  either 

0 . 1 ,  5 ,  and 50 I-l M  CuS04 . P lants segregated for kanamycin res istance with the 

expected rat ios .  Lines carry ing either te 1 transgene or NLS:te 1 transgene were 

compa red to 'empty vector' l i nes that had been transformed with the parent vector 

conta i n ing  no transgene.  

5.6b.  I n d uctio n  in soi l  

Once i t  was determined that expression of the te 1 transgene was not letha l ,  p lants 

were g rown without select ion  in so i l  watered from below with 5 I-lM CuS04 ,  and 

sprayed with 50 I-lM CuS04. The numbers and arrangements of vegetative leaves, 

cau l i ne  leaves, and floral parts  were examined.  

5.7. Dexamethasone app l ication to TEL2 :g l ucocortico id  receptor 

p lan ts 

Three pr imary TEL2 :GR tran sformants were o btai ned from i n it ia l  kanamycin 

screen i ng (as i n  Sectio n  4 . 5c) .  These primary transformants were a l l owed to self  

fert i l i se ,  p roduc ing  the T2 generation .  Two trays were sowed with approXimately 1 00 

T2 seed of each l i ne ,  and approximately 1 00 Co lumbia seeds as described i n  Sect ion 

5 .4 .  As soon as cotyledons were v is ib le ,  one tray was sprayed on a lternative days 

with 30 jJM dexamethasone (made from a 30 mM dexamthasone (S igma) ,  stock 

so lut ion in ethano l ,  stored at -80'C) ,  0 .01  % Tween-20 ,  0 . 1 % ethano l .  The control 

tray was sprayed with 0 . 0 1  % Tween-20, 0 . 1 % ethano l .  P lan ts were sprayed unt i l  

most p lants had begun  to develop i nflorescence shoots. 
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5 .8 .  Assays of transgene expression 

5 .8a .  Northern b lotti ng  

Tota l RNA was  extracted from the  aeria l  port ions or  leaves o f  Arabidopsis p lants as 

described i n  Sect ion 2 . 7c (s imple vers ion) ,  e lectrophoresed and b lotted as described 

in Sections  2 . 8a and 2 .8b .  S i nce the M RE/35S promoter appears to express genes 

con stitut ively in Nicotiana, root t issue (Vad im Mett, pers. comm. )  roots were excluded 

fro m  express ion a na lys is of Arabidopsis transformants. At least one 'empty vector' 

l i ne  was inc l uded o n  each b lot .  So that the i ntens ity of bands could be compared 

between experiments,  l anes conta in ing 1 00 pg, and 1 0  pg of a synthetic te 1 cONA 

transcri pt were i ncl uded . Membranes were hybrid ised i n  Church/Gi lbert hybrid isat io n  

buffer described i n  Sectio n  2 .8d us ing rad io label led probes (see S ectio n  2 . 8c for a 

descr ipt ion of probe synthesis ,  and probe templates) made from the ful l  l en gth te 1 

cDNA. Equa l  load ing of samples was shown by either re-probing b lots with a probe 

synthesised from the ROC 1 cyclophi l i n  gene, which is constitut ively expressed i n  

Arabidopsis (L ippuner 1 994) , o r  by visua l i s i ng rRNA bands i n  ge ls b y  sta i n i ng  with 

eth i d i um b romide pr ior to b lott i ng .  

5.8b .  Western b lotti ng  

Protei n  extracts were prepared from the  aer ia l  port ions/leaves of Arabidopsis p lants 

us ing the EZ protei n  extract ion method (Mar inez-Garcfa 1 999) .  T issue was g round i n  

E b uffer ( 1 25 m M  Tris-HCI  pH 8 . 8 ,  1 % SOS,  1 0% g lycero l ,  5 0  m M  Na2S205) , 

tran sferred to an  eppendorf tube and stored on ice unt i l  a l l  other samples were 

g round .  Extracts were then warmed to roo m  temperature ,  and  centr ifuged at 20 ,000 

xg in a benchtop m icrofuge. The supernatant  was removed, and samp le  ( 1 0 /A-I )  was 

set as ide for protei n  content estimation ,  and 1 /1 0th vo lume of Z b uffer ( 1 25 mM Tris

HC I  p H  6 .8 , 1 2  % SOS,  1 0% g lycerol ,  22% 2-ME ,  0 .00 1 % b romopheno l  b l ue) was 

added to the rema in der. 

P rote i n  content was estimated by the Lowry method (Lowry 1 95 1 )  as  fol l ows; so lut ion 

o was freshly prepared with 48 ml  so lut ion A (2% Na2C03 i n  0 . 1 N NaOH) , 1 ml  

so lut ion B ( 1  % NaK tartrate i n  water) , 1 m l  so lut ion C (0 .5% CuS04 .5H20 i n  water) . 

95  fAl of so lut ion 0 was added to prote in  samples of 95  fAl vo lume i n  m icrotire p late 

wel l s ,  and they were i ncubated for 1 0  m inutes at room tem perature. 1 0 �tl of a 1 : 3 

d i l ut ion  of Fo l i n  reagent ( i n  water) was added and i ncubated at room temperature for 

30 m i n utes. The absorbance of each sample was read at 600 nm ,  and compared  to a 

BSA standard curve .  



Chapter 5. Ectop ic  TEL expression in Arabidopsis 183 

Protei n  extracts were electrophoresed and b lotted as  descr ibed i n  Sections 4 . 2b  and  

4 . 2c .  Typ ica l ly 1 0  fl9 of  prote in was  loaded, a negative control lane conta in i ng  a 

protei n  extract from an empty vector l i ne  was a lways i ncl uded . Western b lots were 

performed by the chemi l um inescent method (Sect ion 4 .2c) us ing the affin ity purified 

a nt i-MBP :TE1 1 -286 a ntibody at 1 :600 d i l ution .  
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R E S ULTS (5 )  

5. 1 0 . I n it ia l  a n a lysis of  copper- i n d u c i ble transforma n ts 

5 . 1 0a.  Transgen ic  p lants transformed with copper inducib le constructs 

conta ined one or two in tegrations of T-DNA 
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T2 generation  p la nts segregated for kanamycin resi stance with rat ios of c lose to 

e i ther 3 : 1  o r  1 5 : 1  (Table 5 .2) ,  i nd icat ing that the T1  l i nes were hemizygous  with e i ther 

one o r  two i ntegrations of the T-ONA. To confi rm that the te 1 was i nteg rated as wel l  

as the Nptll gene which confers kanamycin res istance, a Southern b lot was prepared 

i nc lud ing  n i ne of the i n it ia l  pOJO transformants. A te 1 probe ind icated the te 1 port ion  

of the T-ONA was present i n  a l l  l i nes that were examined (F igure 5 . 2) .  S ince the 

p OJ 1 0  T-ONA conta ins a u n ique Xba l  site, and a u n ique Xhol site, tandem head-to

ta i l  i n sert ions resu lt in a hybrid is ing band of the size of the T-ONA (7 .4 kb) for each of 

these d igestions .  Transformants 30 .6 ( lanes 7 and 8 in F igure 5 .2 ) ,  and 33 . 1 3  ( lanes 

1 9  and 20) appeared to conta i n  tandem insertions .  
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F i g ure 5 .2 .  Southern b l o t  of pPMB7651te1 t ransge n i c  l i nes co nfirmed i ndependent  T-DNA 
i nsert io n .  D NA extracts ( 1 00 ng )  from ten kana myc in  res istan t  p DJ 1 0 ( pPM B765Ite 1 )  p ri m a ry 
tran sforma nts and  Co lumb ia  a re i n cluded i n  th i s  Southern b lot .  A i l  samples were d igested with 
X b a l a n d  with X h o l ,  both of wh ich c leave the  T-DNA once.  The b lo t  was probed wi th a D I G  
l abe l led  te 1 p robe .  Although some samples  a ppear  t o  b e  part i a l  d igests,  th is  b lot confi rms t h at 
k a na myc in  res istant  l i nes  con ta i n  i ndependent  i nsert i ons  of the  T-DNA,  i nc lud i n g  the te 1 gene .  
Where t he  ratio o f  kanamYC in  res is ta n t seed in  t h e  T2 progeny was estab l ished ,  it is i n d icated i n  
i t a l i cs  be low the l ane  n u mbers .  Lanes a re 1 )  D I G  l a be l l ed f.H i n d l l l  mo lecu l a r  weig ht marker  
( pa rt ly obscured) (Roche) ( mo lecu la r  weig hts a re i n d i cated at left) , 2) b lank ,  3)  Co lumb i a  Xba i ,  
4)  Co lumb i a  Xho l ,  5)  30 .4  Xba l ,  6)  30 .4  X ho l ,  7 )  3 0 . 6  Xba l 8 )  30 . 6 Xho l ,  9 )  3 0 . 1 7  X ba l ,  1 0 ) 
3 0 . 1 7  X h o l .  1 1 )  3 0 . 2 0  Xba 1 1 2 ) 3 0 . 2 0  Xho l ,  1 3 ) 3 1 . 1 1 Xba 1 1 4) 3 1 . 1 1 Xho l ,  1 5 ) 3 1 . 5  Xba 1 1 6) 
3 1 . 5  X ho l ,  1 7) 3 3 . 1 2  Xba 1 1 8 ) 33 . 1 2  Xho l ,  1 9 ) 3 3 . 1 3  X b a l  20 )  33 . 1 3  Xho l ,  21 ) 3 3 . 1 7  X b a l  22) 
3 3 . 1 7  Xho l  23) empty ,  24) D I G  l abe l led 'A H i nd l l l  molecu l a r  we ight  marker. 
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5 . 1  Ob.  The te1 transgene was expressed i n  Arabidopsis from the copper 

i nduc ib le  p romoter. 

1 86 

The copper-induc ib le  promoter system was developed and tested i n  Nicotiana (Mett 

1 993) .  The authors found that fol ia r  appl i cation of 0 . 5  �lM CUS04 to Nicotiana 

transfo rmants was suffi cient to i nduce a 50-fold i ncrease in GUS reporter gene 

express ion after 5 days .  To ensure that h igh leve ls  of  expression were o bta ined ,  T2 

p lants conta in i ng  both the NLS:te 1 and  te 1 transgenes were g rown in soi l  and  

sprayed da i l y  with 5 �lM CUS04 .  S ince these populat ions  were segregat ing for the 

presence of the T-ONA, the aer ia l  parts of at least s ix T2 p lants were pooled for 

examinat ion by northern b lotting .  When 5 �lM CUS04 was app l ied the transgenes 

were expressed to the o rder of -1 pg transcri ptJf,tg of tota l RNA (F igure 5 .3 ) ,  an  order  

of magn itude h igher than te 1 expression i n  maize embryos or SAM s  (see Sect ion 

2 . 1 2) .  

T h e  relationsh ip  between Cu ( l l )  i o n  concentrat ion a n d  expression l evels w a s  not 

examined .  The data produced by Mett et a/. ( 1 993) ind icated that the M R E/35S 

promoter produced low levels of expression in the absence of app l ied copper, and 

this effect has been observed in Arabidopsis (H  Zhang , pers. comm . ) .  Experiments 

were therefore des igned that did not assume expression was completely rep ressed 

in the a bsence of copper; p lants transformed with empty vector (pPMB765) ,  

conta i n i ng  n o  transgenes other than Nptll and the A CE 1  gene, were a lways used as 

controls .  
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F i g u re 5 . 3 .  Northern b lotti n g  ind icated that transgenic l i nes expressed the te1 
t ransgene  at va r ious l eve ls .  Transgen ic  l ines  expressed the te 1 transgene at 
d ifferent leve ls .  T2 plants ar is ing from the self ferti l isat ion of pr imary transfo rmants 
were grown on soi l  with watered each day wi th 5 IJM CUS04 for two weeks . Each 
l ane  conta i n s  1 IJg  of tota l  RNA extracted from at least 6 i nd iv idua l  T2 p la nts of a 
l i n e .  The membrane was hybri d ised wi th (A) a rad io labe l led te 1 cDNA probe as 
desc ri bed i n  Sect ion 2 . 8c ,  and  then (8 )  re-pro bed wi th a ROC 1 probe.  N ote that 
l a ne  1 1  ( l i ne  98 . 2 )  is overloaded .  Express ion levels are of the o rder of 1 0- 1 00 pg 
te 1 transcriptifJg of tota l RNA Lanes are (with the transgene i n  parenthes is) 1 )  54. 2  
(empty vecto r) spi ked with 1 00 pg of synthetic fe 1 transcript, 2 )  54 . 2  spi ked with 1 0  
pg  of  synthet ic te 1 tra nscr ipt ,  3 )  b lank ,  4 )  54 . 2  (empty vector) ,  5 )  59 .2  (empty 
vector) , 6 )  3 0 . 7  (te 1 ) ,  7 )  3 0 . 9  ( te 1 ) ,  8 )  3 0 . 20 (te 1 ) ,  9 )  3 1 . 1 1 ( te 1 ) ,  1 0 ) 9 8 . 1  
(NL S : te 1) ,  1 1 ) 98. 2 (NL S: te 1) ,  1 2) 98A (NLS: te 1) ,  1 3) 1 00 . 1  (NL S : te 1) .  1 4) 1 00 . 2  
(NL S : te 1 ) ,  1 5) 1 00 . 3  (NLS: te 1) ,  1 6) 1 00 .4  (NLS: te 1 ) .  

9 . 5  kb 

7 .4  

4 . 4  

2 . 37 

1 . 35 

0.24 
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5 . 1 1 .  Express ion  of the te1 tran sgene d id not correlate with a n y  

observable p henotypes 

5. 1 1  a .  N either vegetative nor flora l m orphology was affected by te1 transgene 

expression 

1 88 

Once it was known that fo l i a r  appl icat ion of 5 �tM CUS04 was suffic ient to i nd uce 

physio log ica l ly  high leve ls  of the transgene (F igure 5 . 3) ,  pri mary tran sformants g rown 

in so i l  watered with 5 �M CUS04 were examined carefully. N o  consistent phenotypes 

were o bserved from 27 primary pDJ1  O/pDJ 1 1  tran sformants ( te 1  transgene) and n i ne  

p DJ 1 3  (NLS:te 1 transgene) pr imary transformants. Leaf morphology,  i nf lorescence 

architecture, and flo ra l  structure were ind ist ingu ishable from empty vector l i nes.  

Ma ize plants with te 1 mutant a l le les have i ncreased leaf i n it iat ion rates ,  abnormal 

phyl lotaxy, and narrower leaves (Veit 1 998, N. Alvarez unpub l ished data). 

Overexpress ion of te 1 in Arabidopsis may also perturb th is process, so the numbers 

of  vegetative leaves and of infl o rescence nodes i n  these l i nes were examined .  P lan ts 

g rown i n  so i l  watered with 5 �M CUS04 d id not revea l  any s ign ificant d iffe rence i n  the 

average numbers of v is ib le vegetative leaves between empty vector l ines and l ines 

conta i n i ng  the te 1transgene, average numbers of leaves for l i nes transformed with 

te 1 cDNA-conta i n in g  copper- inducib le vectors fel l  both above and be low empty 

vector l ines (Tab le  5 . 3) .  In a l l  such experiments seeds were germ i nated and g rown 

concurrent ly .  

T2 generat ion p lants were a lso grown in MS medi a  conta in ing  kanamycin to select 

for those p lants conta i n i ng the T-DNA. L ines carry ing  both the te 1 tra n sgene and the 

NLS:te 1 transgene were grown on MS media conta in ing  0 . 1 , 0 . 5 , 5 and  50 �M 

CUS04 and compared to empty vector (pPMB765) l ines .  Live seed l i ng s  were 

period ica l ly examined under a d issect ing microscope from germ inat ion unt i l  

i nflo rescence shoots were v is ib le  i n  the apex. This type of experiment a l l owed closer 

exam inat ion of young seed l ing phenotypes from precise copper concentrat ions ,  and 

ensured that al l  i nd iv iduals contai ned the T-DNA. No consistent phenotype was 

observed ,  a l though 50 fJM CUS04 was toxic to p lants. 
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Table 5. 2 Leaf n um ber frequencies in  te1 expressing Arabidopsis p lants 

Sorted i n  ascend ing  o rder by the average number of leaves. 
vector l i ne  p lants with ind icated n average numbe r  of 

numbers of leaves leaves 
4 5 6 7 8 9 

pDJ 1 1 6 1 . 1  2 2 3 1 0 0 8 5 .3  
pPMB765 54. 3  2 3 4 2 0 0 1 1  5 . 5  
pDJ 1 0  30 . 1 0  4 1 5 6 0 0 1 6  5 . 8  
p DJ 1 0  3 1 . 6  3 1 9 5 0 0 1 8  5 . 8 
Co lumb ia - 2 2 8 1 0  0 0 22 6 . 1 
pDJ 1 1 6 1 . 3  0 4 4 1 0 1 0  6 .4  
pDJ 1 0  3 .06 1 0 8 8 1 0 1 7  6 .4  
p P MB765 54 . 1  0 3 3 3 2 1 1 3  6 . 5  
pDJ 1 0  3 1 . 5  0 0 6 9 2 0 1 7  6 .7  
pDJ 1 0  3 1 . 1 2  0 0 2 5 1 0  0 1 7  7 .4  
a verage 6.2 

5 . 1 1  b. The wri nkled leaf phenotype d id not correl ate with transgene expression 

Because add it ion of E DT A may he lp to  reduce copper toxic ity (H . Zhang , pers . 

comm. )  later i nduct ion experi ments of soi l -grown plants app l ied a fol iar  app l icat ion of 

50 fA,M CuS04: E DTA, and s u b- i rrigated with 5 fA,M CUS04. In T-DNA segregat ing  

popu lat ions of T2 p lants some ind iv idua ls developed an abnorma l  'wr ink led leaf 

morpho logy (F igu res 5 .4a-c) . Wri nkled leaf p lants g rew smal ler  malformed leaves ,  

that  were buckled i n  the dorsoventra l ax is  and developed fewer tri chomes. Both 

NLS:te 1 l i nes ,  and te 1 l ines without the NLS developed wrink led leaves. Because 

th is  phenotype could easi ly be the result of copper toxicity no rthern b lotti ng was used 

to exam ine  whether  th is phenotype corre lated with tra nsgene express ion .  

I n  the  first experiment RNA was extracted from i nd iv idua l  wrinkled o r  normal p lants.  

N orthern b lott i ng  ind icated that in two of the three l ines the wr ink led p lant was 

express ing s ign if icantly more of the transgene (F igure 5 . 5) .  However, when 

transgene express ion from s mall pools of wrinkled/normal plants was compared,  th i s  

correlatio n  w a s  n o t  consistent5 (F igure 5 . 6 ) .  This phenotype was s porad ic ,  i t  w a s  not 

seen in every plant ing of l i nes that had been shown to express the tra nsgene (see 

Table 5 .2 ) .  The segregatio n  of wrin kled and norma l  p lants did not correspond to the 

kanamycin segregat ion (data not shown). 

5 I n  th is ana lysis NL S.te 1 expression in both l ines examined (98 . 1 ,  1 00.2) ,  correlated with the 

phenotype,  expression of the unaltered te 1 cDNA did not. Inc luding both northern b lots this included 

n ine  NLS:te 1 expressing p lants. 
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Tab le  5. 3 Copper-i nduc ible Arabidopsis tran sformant l i nes 

p lant kan-R kan-S ratio : 1  vector Expression Wrinkled leaf N otes 
l ine observed phenotype?** 

30 .5 70 1 2  5 .8  pDJ 1 0  X [ 5  �tM] 

30 .7  64 4 1 6  pDJ 1 0  ./ X [5 ftM] , ./ [50 !AM] 

30.9 78 1 8  4 .3  p DJ 1 0  ./ ./ [5 plM] 

30. 1 1 30 1 2  2 .5 p DJ 1 0  ./ X [5 !.JMj 

30 . 1 5  1 0 1  24 4 .2  pDJ 1 0  X [5 flM) Aeria l  rosette in T 1  

30.20 1 1 3  2 1  5 .4 pDJ 1 0  ./ ./ [5 !AM) ,  ./ [50 flM) Aeri a l  rosette in T 1  

3 1 . 2  62  1 3  4.8 pDJ 1 0  X [5 flM) Aeri a l  rosette in T I  

3 1 . 3 86 3 28.7 pDJ 1 0  X [5 flMJ Aeri a l  rosette in T I  

3 1 . 1 1  9 1 1 .4 1 03 pDJ 1 0  ./ ./ (5 ftM) ,  ./ (50 !AM] 

3 1 . 1 3  67 1 3  5 .2  pDJ 1 0  X [5 flM) Tandem insertion of T-
D N A  

33 . 1 5  72 1 6  4 .5  pDJ 1 0  X [5 !AM] 

33 . 1 6  73 9 8 . 1  pDJ 1 0  X [5 !AM] 

60. 1 1 07 1 5  7. 1 p DJ l 1 X [5 ftM] 

60.2 1 1 1  1 2  9 .3  pDJ 1 1 X [5 flM) 

NLS. te 1 l ines 

98 . 1  7 1  27 2.6 pDJ 1 3  ./ X (5 !AM] .  ./ [5 !AM] ,  ./ 
[50 flM) 

98 .2  8 1  28 2 . 9  p DJ 1 3  ./ X [5 flMJ 

98 .3  82  33  2 .5  p DJ 1 3  X (5 ftM) 

98.4 89 32 2.8 pDJ 1 3  ./ X [5 flM] 

1 00 . 1  4 28 1 1 2 p DJ 1 3  ./ ./ [5 /-tM) , X [5 flMJ 

1 00 . 2  n d  pDJ 1 3  ./ X [50 !AM] 

1 00 . 3  nd  ./ 

1 00 .4 nd p DJ 1 3  ./ 

empty vector l ines 

54.2 nd p P MB 765 X X [5 flM] 

59.2 nd p P MB765 X X [5 !AM] 

* A tick indicates that expression was observed, a cross that expression was not observed. All other 
l ines were not examined . ** On ly those l ines whose T2 pants were examined careful ly a re g iven a ./ or 
X deSignat ion, numbers [5 !AM]! [50 !AM] refer to the CUS04 water ing reg ime in which the phenotype was 
observed. Each tick or  cross refers to a specific experiment. 
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F i g u re 5 .4a . Wri n k led leaf i n d i v i d u a l s  we re s m a l l e r  than n o rm a l  s i b l i n gs.  
T h e  one normal p l a n t  i n  t h i s  pot is a t  the t o p .  Al l  other p lants had wrin kled l eaves. 
G ra d u a tions on the ruler marked " 3 0 . 2 0 0 "  a re 1 mm. This image s h ows T2 
s ib l ings of l ine 3 0 . 2 0 that were watered with 5 �M CU S04, and sprayed with 50 

�M CUS04' 
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Figu re 5.4b. The wrin k led leaf phenotype.  The leaves of normal p lants (above) 
were la rger ,  had a more ordered phyl lotaxy , and developed more trichomes than 
wri n kled s ib l i ngs (be low) .  The leaves of w ri nkled i nd ividua ls  appear to  be fo lded 
in  the dorsoventra l ax is .  These i mages show T2 s ib l i ngs  of l ine 30 .20 that were 
wate red with 5 /-lM CUS04 ,  and  sprayed with 50  /-lM CUS04 .  Th is  l i n e  was  
transformed with the te 1 transgene without the SV40 NLS. 
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F i g u re S.4c. The wrin kled leaf phenotype from a l i ne  conta i n i n g  the NLS:te 1 
transgene.  Severa l transgen ic  l i nes showed the wr in k led leaf  p h e n otype ,  
i nclud ing l i nes with and without an  NLS .  These i mages show T2  s ib l i ngs  o f  l ine 
98 . 1  that were watered wi th  5 f!M CUS04, and  sprayed with 50 f!M CUS 04 The 
i mages are at the same scale. 
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F i g u re 5 .5 .  N o rthern b lot  showi n g  te1 t ra nscr ipt exp ress ion  i n  i n d iv id u a l  
wri n kled a n d  norma l  s ib l i ng  pa i rs. I n  th is experiment ,  the te 1 transcr ipt appears 
to  b e  m ore h i gh l y  expressed i n  wri n kl ed p lants than i n  n ormal s i b l i ngs .  RNA was 
extracted from one wrink led p lant and one normal  p lant from th ree t ransgen ic  l i nes  
that had  been g rown in  so i l  with 5 IJ M/50IJM  CuS04,  subjected to  northern b lottin g ,  
a n d  p ro bed wi th ( a )  rad io l abe l led te 1 probe, and  then ( b )  re-pro bed with a R O e  1 
p ro b e .  Mo lecu l a r  we ight  markers a re shown at left , l anes  a re 1 )  l i n e  30 . 7  
(pPM8765Ite 1 )  wri nkled ,  2 )  30 .7  normal ,  3 ) 98 . 1 (pPM8765/NLS : te 1) wri nk led ,  4) 
98 . 1 n o rma l , S)  1 00 . 2  (pPMB765/N LS : te 1 )  wri n k led 6 )  1 00 . 2  no rm al ,  7 )  b lank ,  8)  
1 00 pg synthetic te 1 transcript, 9) 1 0  pg synthetic te 1 transcri pt 
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F i g u re 5 . 6 .  T h e  w r i n k l ed phen oty pe d i d  n o t  cons istent ly  c orrelate with 
exp ress ion  of th e te 1 tra n sgene . Tota l RNA was extracted from sma l l  pools of 2 to 
3 wrink led p lants and  2 to 3 normal  p lants of three genotypes. RNA ( 1 0 IJg)  was 
s ubjected to nort hern b lo t t ing ,  and probed with a rad io l abe l led te 1 cDNA probe as 
descri bed i n  Sect ion 2 8c. i n  on ly one l i ne  (98. 1 )  of the three l ines exam ined here d id 
express i o n  l eve l s  corre l a te with the wri n kl ed phenotype .  Lanes a re (wi th the 
t ra nsgene  in  parenthes i s) 1 )  one 54 .2  p lant (empty vector) , 2 )  two wri nkled 9 8 . 1 

p lants (NLS:te 1 ) ,  3) th ree normal  98 . 1 plants (NLS:te 1) ,  4) two wrin kled 3 1 . 1 1 p lants 
( te 1 ) ,  5) three norma l  3 1 . 1 1  plants (te 1 ) ,  6)  three wr ink led 3 0 . 20 p lants ( te 1 ) ,  7)  two 
no rma l  30 .20  p lants (te 1 ) ,  8)  1 00 pg synthetic te 1 t ranscri pt. A) shows northern b lot ,  
S) rRNA bands v isual i sed by eth id ium sta in ing .  
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5. 1 1  c .  The anti-MBP :TE1 1 -286 antibody d id  not detect the TE1 prote i n  in 

transgen ic  plants 

Western b lotting was used i n  an attem pt to compare the leve ls  of the T E 1  prote i n  i n  

wrin kled a n d  normal p lants.  P rotein was extracted from the same t issue samples of 

wri nk led/no rma l  p lants that had been shown to express the te 1 transcr ipt (F igure 

5 . 5) .  P rote in  ( 1 0  iJg) was subjected to SOS- PAGE ,  and Western blott i ng  us ing the 

affin ity purif ied ant i-MBP:TE1 1 -286 ant ibody (characterised i n  Section  4 . 1 0) at 1 :6000 

d i l ut ion as descr ibed i n  Sect ion 4.7b .  Even though h igh levels of te 1 transcript were 

detected from these t issues, no  prote in of the expected 7 1  kO  was u n ique to l ines 

express ing the te 1 transgene (data not shown) .  A s impl ist ic calculatio n  (below) 

i nd icates that even the h ighest expressing transgen ic  p lants probably contain of the 

o rder  of 1 ng of TE1 or  NLS :TE1  protei n  per 1 O [.tg ,  which may be below the level of 

detect ion of th is  ant ibody. 

Levels of TE1 p rotein expected i n  transgenic plants :  
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T h e  te1 cDNA w a s  present in  1 : 1 00 ,000 cDNA clones o f  a maize SAM l ibrary (B .  Veit, unpubl ished 
data) 
This is  equ ivalent to - 1 00 fg/,ug of total R NA (Section 2 . 1 2) 

.. Highest expressing transgenic l ines (Figure 5 .5) express at - 1 0  pg/iJ.g ( 1 : 1 ,000 cDNAs) 
.. Assume transcript levels - =  protein levels, 
.. Then transgene is 1 :  1 ,000 proteins ,  = 1 ng/1 0 iJ.g 

Titration of M BP:TE 1 1 -286 fusion �rotein positive controls for western blots has shown that the 
affin ity purified anti- MBP :TE 1

1
-2 6 antibody detects 1 0  ng of MBP:TE1 1 -266 fusion protein easily, and 

barely detects 1 ng (data not  shown) .  

5. 1 1  d .  Aeria l  rosettes formed, but they were not due to express ion  of the te1 

tra nsgene 

A n um ber of the first primary transfo rmants that were recovered ! developed extra 

leaves in the ax i ls  of inf lorescence shoots (F igure 5.7) .  These leaves had a 

morpho logy and phyl lotaxy that was more s im i la r  to vegetative leaves that to caul i ne  

leaves. Such 'aer ia l  rosettes' were on ly  seen i n  pri mary transformants, and  were 

never o bserved in the T2 progeny. The phenotype was also o bserved in an empty 

vector l i ne ( l i ne  59. 1 )  (data not shown) .The phenotype may have been induced by 

I Lines that developed aerial rosettes were: 30.6, 30. 1 0 , 30. 1 5 ,  30.20, 3 1 .2 ,  3 1 .3 ,  3 1 .4 ,  3 1 .5 ,  3 1 .6 ,  
30. 1 0 , 3 1 . 1 2  (a l l  pDJ 1 0  transformants), and the empty pPMB765 transformant l ine 59. 1 .  
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the g rowth cond it ions of these p lants but was clearly not the due to ectop ic  te 1 

express ion .  

197 
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Fig u re 5 . 7. The aer ia l  rosette phenotype. M any p ri ma ry tran sform ants ,  i n c l u d i n g  s o m e  
transformed with 'empty' pPM B765 vector, developed rosette-l ike structu res from the a x i l s  of 
caul ine leaves. This phenotype was not seen in the progeny of these pr imary transformants, and 
i s  tentat ively attri b uted to  condit ions of  g rowth or tra n s p l antation treatments. A b o ve) Normal  
i nflo rescen ce nodes develop u p  to three leaves with a characteristic morphology and phyl lotaxy , 
Below) ' aer ia l '  or axi l l a ry rosettes developed more leaves that were more s imi lar  to vegetative 
morpho logy and phy l lotaxy, the rosette arises on a n  ' i nflorescence shoot' from the axil of a 
caul ine leaf caul ine leaf. 
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5. 1 2. I n it ia l  observation s  of TEL2 g l ucocorticoid fus ion  p lan ts 

s h owed n o  clear phenotype2 

Three kanamycin resistant l i nes were recovered from pB I -GGR:TEL2 

tra nsformations .  The pBI -GGR:TEL2 construct produces a fusion of the TEL2 gene 

and a derivative of the g lucocort ico id  receptor prote in ( TEL2:GR transgene) . 

G l ucocorticoid fus ions are ab le activate transcriptio n  factors , when l ocal ised to the 

nuc leus i n  the presence of the i nducer dexamethasone (Aoyama 1 997 ,  Wagner  

1 999) .  

199 

In a p i lot experiment approximately 1 00 Co lumbia ecotype p lants, and 1 00 T2 p lants 

from each l i ne  that had been sprayed with dexamethasone were compared to 

popu lat ions that had been mock sprayed (described i n  Sect ion 5.6) .  These p la nts 

were sprayed u nt i l  i nflo rescences had developed. No  clear d ifferences were seen 

between sprayed p lants and mock sprayed plants.  

These l i nes  have not been a na lysed at the molecular level .  

2 This work w a s  conducted i n  collaboration with Vemon Trainor a n d  Carmel Gil lman. 
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DISCUSS I O N  (5) 

5 . 1 2 The aeria l rosette phenotype is the resu lt of growth cond it ions  

Some o f  the pr imary transform ants that were i n it i a l ly recovered developed extra 

leaves in the axi l s  of cau l i ne  leaves (F igure 5 .7) . These leaves were arranged with 

the sp i ra l  phy l lotaxy of a vegetative rosette , and the ir  morphology was more s im i lar to 

vegetative leaves than to cau l i ne  leaves . These 'aer ia l  rosettes' were formed from an 

axi l lary meristem that grew with a vegetative program rather than a i nflo rescence 

program.  The phenotype was n ot due to express ion of the te 1 transgene, s i nce this 

phenotype only deve loped in T1 plants that were not watered with CUS04, was not 

seen in any T2 p lants that were shown to be express ing the le 1 tra nsgene, and was 

present i n  an  empty vector l i ne .  

The development of  aer ia l  rosettes may have been the  resu lt o f  a long period of  

g rowth i n  short days. The first p rimary transformants that were recovered (and 

subsequent ly developed aer ia l  rosettes) were g rown for 38 to  40 days with a n  e ight 

hour photoperiod .  Du ring th is  t ime l ight i ntensity was relatively low, 30-50 [Amoifm2/ s ,  

produce fro m  Sylvan ia  Cool  White fluorescent bu lbs .  These plants were then 

transferred to so i l  and g rown with a 1 6  hour  photoperiod under natural l ig ht ing  

supp lem ented with sod ium l ig hts .  The l ight i ntens i ty i n  these condit ions  was 300-500 

/J Mfm2fs (depend ing on  the i ntensity of sun l ight) . 

The pr imary transformants recovered i n  th is  way had begun to deve lop an  

i nflo rescence shoot by the t ime they were transferred to so i l ,  they had  developed 

many vegetative leaves, and probably i n it iated axi l l a ry meristems. I t  is l i ke ly that the 

axi l l a ry meristems i n i t iated i n  these cond it ions were not competent to be i nduced i nto 

a flora l  deve lopmental  program .  

Very s im i l a r  aer ia l  rosettes have been described i n  a late flower ing ecotype of  

Arabidopsis, Sy-O (Grb ic 1 996) .  The authors propose that the axi l l a ry meristems of  

Sy-O ma intai n  a pro longed vegetative phase, even though the primary shoot  ap ica l  

meristem has a l ready converted to reproductive devel opment. I n  the case o f  Sy-O 

genetic evidence i ndicates that aerial rosette phenotype arises due to the i nteract ion 
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between dominant a l le les of two genes: ART, aer ia l  rosette gene and  EAR, enhancer 

of a er ia l  rosette .  EAR has been tentatively identified as  a new a l le le of the FRJ locus .  

Th is  study unwitti ng ly showed that aeri a l  rosettes can form in a Columbia 

background .  An exp lanation for the effect i s  that once ax i l lary meristems form,  they 

a re usua l l y  i nduced i nto an  in fl o rescence program. I n  the conditions that were used 

in these experi ments ,  it seems that a prolonged period of g rowth i n  low l i ght i nten sity 

with a short photoperiod precluded floral evocat ion ,  and the ax i l la ry meristems 

developed with a vegetative program.  Reversion from f loral back to vegetative 

deve lopment has  been observed in othe r  species , and  can even resu l t  flo ra l  

structu res with leaf-l ike appendages (Battey 1 990) . 

5. 1 3 . Express ion  of the ma ize te1 gene or  the Arabidopsis TEL2 
gene  i n  A rabidopsis d i d  not p roduce any consistent phenotype 

5 . 1 3a .  Tec h n ica l  issues with te1 transgene expression 

Techn ica l  issues concern ing  transgene expression at  the R NA leve l  h ave been 

thorough ly i nvest igated; both the NLS:te 1 and te 1 transcr ipts of the expected sizes 

were detected ,  at a variety of l evels  in d ifferent  l ines .  The promoter-transgene 

jUr)ct ions were confirmed by sequencing the transforming vector, and it was shown 

that the vector  was not  rea rranged in  the Agrobacterium tumefaciens GV3 1 0 1  

(Sect ion  5 . 3) .  Whi le T-DNA insert ions a re known t o  be truncated and  rea rranged, the 

te 1 cDNA portion  of the T-D NA was confi rmed to be p resent i n  ten of the i ni t ia l  

transformants .  Two of these l ines a ppeared to conta i n  head-to-tai l  m u lt imers of the T

DNA (Sect io n  5 . 8 ,  F igure 5.2) .  The promoter-transgene j un ct io n  i n  these l ines does 

not a ppear to h ave been de leted , s ince the u n ique Xbal site i n  the T-DNA i s  betwee n  

t h e  te 1 g e n e  and  t h e  MRE/35S promoter. Overa l l  27 l i nes with the te 1 transgene, 

and 8 NLS:te 1 l ines were recovered ,  so it i s  un l i kely that a l l  of these l i nes expressed 

aberrant transcripts. 

There is a poss i b i l i ty that expression from the MRE/35S promoter Arabidopsis does 

n ot i nclude the shoot apica l  meristem (SAM) . Al l  TEL group genes that have been 

examined by in situ hybrid isat ion to date are expressed in the SAM (Vei t  1 998 (ma ize 

te 1 ) ,  N .  A lva rez (Arabidopsis TEL 1 and TEL2» . The SAM may be the on ly cel l u l a r  

context for express ion that perturbs development. I t  has  been shown that 13-

g lucuron idase expression  i n  Nicotiana from th is promoter i nc ludes the shoot ap ica l  
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meristem (H Zhang ,  pers. comm. ) ,  but s im i lar  experiments have not been conducted 

in Arabidopsis. 

Although northern b lots i ndicated that h igh levels  of the te 1 transcript were expressed 

in the aena l  parts of transgen ic plants, it is unknown whether the TE 1 prote in  was 

produced. The affi n ity purif ied ant i-MBP :TE 1 1 -286 ant ibody d id  not detect the prote in  

fro m  p lants that  were known to express either NLS:te 1 or  te 1 t ranscr ipts ,  but th is 

resu lt was l im ited by the sensit ivity of the ant ibody (Sect ion 5 . 9c) . The te 1 t ransgene 

gene is  expressed at 1 0  to 1 00-fold h igher levels i n  Arabidopsis than i n  maize 

vegetative SAMs (see Sect io n  2 . 1 2) ,  so even l ow level s  of the translat ion shou ld be 

suffic ient for fun cti on .  

S . 1 3b .  Techn ica l  issues with TEL2:GR transgene expression 

The i n i t ia l  TEL2 :GR tran sformants that were recovered have n ot been ana lysed at  

the m ol ecu lar  leve l .  Because the pB I -�GR vector was present i n  low copy numbers 

i n  E. coli, the construction  of the pBI -�GR:TEL2B vector was not confirmed by 

restrictio n  d ig est ion or sequencing . The T-ONA i ntegrat ions of the three transgen ic 

l ines have not been confi rmed by Southern blott ing .  Another cons iderat ion i s  the 

possib i l ity of co-suppress ion of the TEL2:GR transgene mediated by endogenous 

TEL2 transcri pts. G iven current models of co-suppression (Vaucheret 1 998,  Meins 

2000) i t  i s  poss ib l e  that the ch imeric transgene is  not accumulat ing .  

5 . 1 3c.  Biological  aspects of TEL genes 

Assum ing that the TE 1 prote in  was produced in shoot meri stems, there are at l east 

fou r  aspects of TEL gene b iology that could account for the lack of  a c lear 

phenotype: p rotei n  n uclear local isation ,  d ifferences between Arabidopsis and maize 

TEL  protei n  structure, redundancy in Arabidopsis TEL prote ins ,  and cofactor 

(protei n/RNA) requ i rements. 

The S. pombe M E I 2  p rotein requ i res nuclear local isat ion for funct ion ,  loca l isat ion is  

dependant o n  its associat ion wi th the cognate RNA, meiR NA (Watan abe 1 994) . The 

p rote i n  retai ns  ful l  funct ion in the absence of the me iRNA when the SV40 la rge T 

a ntige n  N LS i s  attached at the C-terminus of the prote in .  GFP fus ions have was 

shown that the SV40 NLS caused RNA-independent n uc lear local isat ion of the ME I2  

prote in i n  both S. pombe and  mammal ian  cel ls (Watanabe 1 994, Yamash ita 1 998) . 

G iven the fun ct ion ing and loca l isation of ME I2 ,  the TE1 prote in ,and the related 

Arabidopsis TEL prote ins  may a lso function when local ised to the nuc leus .  Because 
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monocots and d icots d iverged - 200 Mya (Wolfe 1 989) , i t  is possib le  that the ma ize 

TE 1 p rote in was unab le to i nteract with the Arabidopsis R NA(s) that were requ i red for 

n uclear local isation .  The SV40 large T antigen NLS was used to address th is 

concern because of the precedent for its use with MEI2 (Watanabe 1 994, Yamashita 

1 998 ) .  Th is  N LS a lso functions in p lants: N- and C-termina l  SV40 NLS fus ions cause 

n uclear local i sation  of GUS in tobacco cel ls (Chua 1 99 1 ) .  

Another  possib i l ity i s  that aspects of T E  1 function  other than n uclear l ocal isat ion may 

be i m pa i red due to d ivergence of maize and Arabidopsis prote in/RNA structure . The 

M E I2 prote in  appears to requ i re its th i rd RRM i rrespective of nuclear local isation 

(Watanabe 1 994) , suggesting that it i nteracts with other RNA(s) .  The TE 1 prote in  

may n ot i nteract with other Arabidopsis factors that are requ i red for fun ction ,  RNAs o r  

other p rote ins .  

A th i rd ( re lated) possib i l ity i s  that  the molecular mechan isms of the two TE1 - l i ke 

prote i ns  (TEL 1 and TEL2) i n  Arabidopsis are redundant to such an extent that 

overexpression  of one type does not s ign ificantly perturb the process .  There a re 

several l ines of evidence that are cons istent with fun ct iona l  d ivergence .  TEL 1 and 

TEL2 have d ifferent, but overlapping domains of mRNA expression in Arabidopsis 

SAMs ( N  Alvarez, unpub l ished) .  A T-DNA insert ion in the first exon of TEL 1 does not 

show a ny o bv ious phenotype (Carmel G i l lman ,  u n pub l ished data) , u n l i ke the n i ne te 1 

a l le les that have been recovered. 

Fourth ly ,  i t  is possib le that TEL proteins requ i re some specif ic cofactors for fun cti on .  

Even  i f  t he  TEi  protei n  is  posit ioned with in  t he  correct t issues, and  correctly loca l ised 

to the n uc leus ,  these cofactors that are requ i red could restra in  fun ct ion  to particu lar  

developmental condit ions. Funct ion of TEL proteins probably requ i re a specific R NA 

(s ince the th i rd RRM is so h igh ly conserved , see Sect ion 3 .5)  and may requ i re 

phosphorylat ion l ike ME l2  (Watanabe 1 997) , or specific prote in  cofactors. Any of 

these factors could be i n  l im it ing quantit ies or expressed in a restricted domain , 

there by l imit ing the activity of the prote in .  The lack of cofactors as a n  explan at ion for 

the lack of overexpression phenotype has been proposed for PHABULOSA (J 

B owman ,  pers. comm. ) ,  and TEL protein s  may requ i re a specific RNA to be 

expressed before a constitutive phenotype is  observed . 
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5. 1 4d .  A reinterpretation of overexpress ion phenotypes based o n  recent data 

Whi l e  th is thes is  was i t  its fina l  stages some abnorma l  phenotypes were observed i n  

Arab/dopsis plants that transformed with a green fluorescent protein-tagged TEL2 

construct under the control of the 35S promoter (V Tra inor, unpubl ished data ) .  P lants 

were sma l l ,  produ ced abnorma l  ' tendr i l  shaped' l eaves that lacked g reen colour .  

Sma l l  g rowths of t issue grew from beneath tr ichomes that developed more than 

no rma l  numbers branches. S i nce TEL2 i s  expressed i n  the central zone of the 

Arabidopsis vegetative SAM ,  i t  may confer SAM central zone i dentity, by induc ing 

S TM express ion ,  for example .  One aspect of central zone identity i s  s low cel l  d iv is ion 

(hence smal l  leaves), and p resumab ly lack of p lastid development. 

Because the GFP:TEL2 p lants a re so smal l ,  there i s  a strong poss ib i l ity that the 

G R:TEL2 p lants produced a bnormal  phenotypes that were not seen . The T2 

popu lat ions p lanted were self ferti l ised T1  p lants ,  and expected to segregate for the 

transgene.  Sma l l ,  malformed p lants may have been overgrown by hea lthy p la nts not 

conta in i ng  the T -ONA. 

The 'wri nk led leaf phenotype produced in the te 1 expressing are s im i la r  to the 

m alformed leaves of GFP:TEL2 p lants. The te 1 overexpression phenotype cou ld be 

envisaged as a partial tra nsformat ion of leaf cel l  identity i nto SAM centra l  zone 

ident i ty .  The reasons for the i nconsistency between te 1 expression and phenotype 

a re not understood .  

5 .15 .  Concl u d i n g  remarks 

The expression of ma ize te 1 and Arabidopsis TEL2 in Arabidopsis was design ed to 

exam ine  two questions :  

1 .  I f  the lack of te 1 expression i n  maize a l l ows de-repression  of leaf pri mord ia  

in it iatio n  sites, does the over  expression of TEL genes cause repression leaf 

i n it iat ion sites? 

2 .  What effect does nuclear loca l i sation  of the prote in  have on t h e  funct ion o f  T E L  

prote ins? 

The fi rst quest ion cannot be answered unequ ivoca l ly ,  because the te  1 gene was 

expressed in a hetero logous system,  and the TEL2 :GR p lants have n ot yet been 
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carefu l ly examined on a molecu lar leve l .  H owever ,  we can be fair ly sure that 

expression of the TE1 p rote in ,  either with or without a strong N LS , does not repress 

leaf i n it iat ion sites in Arabidopsis. I t  is not clear whether this is due to the prote in 

be ing d ivergent from the Arabidopsis ortho logs ,  o r  to other factors. 

Without a te 1 overexpression-phenotype i t  is d ifficu l t  to draw any conclus ions a bout 

nuclear local i sation .  The TEL2 : G R  fus ion  system is much better suited to an  

i nvestigation of th is  issue for the fol lowing reasons. 

1 .  TEL2 i s  a native Arabidopsis prote in ,  thus functiona l  d ive rgence is  not a n  issue 

2 .  The fus ion  can be expressed in  a TEL2 mutant l i ne that has recently been 

recovered (C G i l lman ,  unpub l ished data) ,  which wi l l  ensure that the fus ion is  

fun ction ing  i n  a n ormal manner 

3 .  The g lucocorticoid dexamethasone i ndu ct ion system a l lows d i rect comparison  of 

the phenotypes produced from cytop lasmic or  nuclear- local ised TEL2 prote in  

from the same transgen ic  l i ne (or the same plant) 

There are potential problems with dexamethasone treatment, however. Kang et al. 

( 1 999)  noted severe growth defects i n  dexamethasone-treated Arabidopsis p lants 

that had been transformed with a GR fusion .  Growth defects inc luded yel l ow 

coty ledons ,  fa i l ure to produce true leaves , and a severe retardation of  overa l l  g rowth . 

The fa i l u re to  develop true l eaves i n  part icu lar would confuse issues of TEL gene 

fun ct ion  These growth defects were observed in  t ransgenic empty vector l i nes 

(con ta in ing the GR gene) when cu ltured on media conta i ning  l i tt le as 0. 1 IJ.M 

dexamethasone, but were not seen o n  un-transformed p lants that were treated with 

as much as 30 IJ.M dexamethasone. 

Despite this issue it may be possib le to analyse the effect of transitory TEL prote in  

nuc lear  l oca l isat ion with the G R  system, and a variety of other approaches are be ing 

i nvestigated by other  members of the Veit  laboratory (d iscussed in Chapter 6) 
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C HAPTER 6 .  SYNOPSIS 

6 . 1 . Recapitulat ion of the a ims of the project 

The main aim of this project was to gain further understanding of the function of the 

te 1 gene .  Whi le  sequencing the genomic c lones did not produce much more 

information about the genetics or biology of the gene than the intron structure, it d id 

fac i l itate the further molecu lar analysis of the gene by 5' RACE ,  RT-PCR ,  and the 

study of  the m utant a l le les (Chapter 2) .  The 5' RACE resu lts are equivoca l ;  the 

pred icted start s ite was not confi rmed by RT-PCR, and the predicted tran script 

appears to contain an  in-frame stop codon (Figure 2 .3 ) .  In it ia l attempts during  th is 

project to ana lyse the express ion of the te 1 gene used northern b lotti ng ,  but they 

were u nsuccessful (data not shown) .  RT-PCR proved to be a more tractable method ,  

and because each primer was designed to be compl imetry to an  exon boundry ( ie ,  

one end of the primer on  one exon ,  and extending across another i nto another) the 

resu l ts are u n l ikely to be a rtefactua l .  S ince and the PCR product extends across the 

reg ion  encoding the C-termina l  RRM, which is the most h igh ly conserved i n  Mei2- l ike 

prote ins  (Chapter 3) the tra nscripts are probably fu l l  length and produce functiona l  

prote ins .  

One  of the i n it ia l  a ims of the project was to study the funct ion of the TE1  protein in 

vitro (Chapter 4) ,  and at the ce l lu lar  l evel i n  maize. Two main aspects of the TE1  

prote ins  functio n  were considered :  t he  cel lu lar  location of t he  protei n  would provide 

some c lues as to fun ction ,  and knowledge of the R NA target would a l l ow us to fol low 

the n ext step in the biochemical p rocess. The prob lems that were encountered with 

expressing the prote in , and the non-specific activity of the polyc lona l  sera meant that 

these aspects of the protein cou ld not be studied . The work did provide an 

understand ing of the problems with hetero logous TE 1 expression ,  and  this a l lowed 

further  work with the Arabidopsis TEL2 protein proceed rout inely (V Tra inor, 

unpub l ished data) .  Rais ing of polyclona l  sera to other p lant M E l 2- l i ke prote ins  could 

a lso d raw from th is work, and the analysis of protein structure presen ted i n  Chapter 

3. Variab le  so lvent exposed loops may be the best reg ions of prote ins  to affin ity 

purify ant ibodies against. 
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The lack of obvious phenotype associated with te 1 ,  NLS:te 1 ,  or GR: TEL2 express ion 

in  A rabidopsis i s  d ifficu l t  to i nterpret. Th is author favours three explanat ions .  F i rst ly, 

the TE 1 protei n  is s imply too structura l ly d ifferent from the Arabidopsis ortho logs to 

fun ct ion .  Second ly there may wel l  be technical p rob lems with the GRTEL2 construct, 

express ion or  inducti on .  A th i rd poss ib i l ity is  that the GRTEL2 was not a ble  to 

funct ion becau se it could not be transported i ntracel l u l arly . The GR fus ion  is a lways 

l im ited to a part icu lar  locati on ,  either in the cytoplasm in  the absence of 

dexamethasone ,  or  i n  the n uc leus with dexamethasone. If tran slocation was 

essent ia l  for funct ion as  it is  i n  ME I2  (Yamashita 1 998) ,  the method used would 

i nh ibit function .  

The ab i l ity to  p red ict and analyse the  Arabidopsis Mei2- l i ke genes in silico was an  

unexpected area of  research (Chapter 3) . Whi le  in silico b io logy does  n ot provide 

proof of funct ion  i t  d id  enab le experiments to be designed more quick ly ,  more 

precisely ,  and with m ore confidence. Once the Arabidopsis ortho logs of the ma ize 

te 1 gene were predicted from the genomic sequence, the cDNAs for TEL 1 and TEL2 

were s ubsequent ly c loned routinely by RT-PCR (V Trainor, unpubl ished data) .  J ust 

a s  important ly ,  the genome project a l l owed the complete fami ly of Arabidopsis M ei2-

l i ke genes to be identified .  We can be certa i n  that TEL 1 and/or TEL2 a re the 

o rtho logs of the maize te 1 gene,  and d i rect experi ments accord ing ly .  The ana lys is  of 

the protein homology and structure w i l l  provide a usefu l gu ide to future R NA b ind ing 

and  fun ct iona l  stud ies .  Res idues can be selected to modify that may generate part ia l  

loss-of-functio n  a l le les ,  for example.  The ana lysis a lso showed that Me i2- l i ke prote ins  

contai n  novel structures that d ifferent iate them from canonica l  RRM prote ins .  These 

regio n s  probably have some i mportant functiona l  and structural  propert ies ,  since they 

a re conserved in al l  M E l2- l i ke prote ins .  

6.2. Homology, ortho logs a n d  genome d u pl icat ions 

An important find ing of th i s  project was that  there are  two Arabldopsis genes ( TEL 1 

and TEL2) that are equal ly good candidates for the ortho log (simi l a r  gene that has  

the same fun ct ion) of the ma ize te 1 gene .  I t  is  not  known if  ma ize conta i ns  another 

te 1- l i ke gene, both Zea mays g enes that were identified from the T I G R  gene index 

(EST assembl ies) were of the AML g roup (F igure 3 .9 ) .  However the ma ize brachytic 
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m utants look very l ike terminal ear1 mutants, and each of the 3 brachytic genes are 

l ocated o n  d iffe rent chromosomes to te 1 (see footnote ' )  (Neuffer 1 997) . 
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The monocot-d icot d ivergence is estimated to be have occurred before 1 70 mi l l i on  

years ago (Mya) (Yang 1 999) ,  and early monocot l i neages were certa i n ly present 

1 00 Mya (Bremer 2000) .  S ince th is d ivergence, separate d upl ications  of la rge  

port i ons  of t he  A rabidopsis genome ( 1 1 2  Mya; Ku  2000) , and  the m aize genome (20  

Mya and 1 1  Mya ; Gaut 1 997) have occurred . Funct iona l  d ivergence probably 

fol lowed th is dup l ication .  

6.3.  Models of TEL gene fun ct ion 

Our  model  for TEL gene function  is  be ing  expanded as  we d iscover more abo ut the 

Arabidopsis ortho logs . TEL 1 i s  expressed throughout vegetative, in florescence and 

flora l  meristems,  whi le TEL2 expression i s  restricted to the centra l zone of vegetative 

ap ica l  m eristems and flora l  meri stems,  and shows a d ist inct ive spira l  pattern i n  

infl o rescence meristems (Nena Alvarez, unpub l i shed data ) .  Th is data i s  consistent 

with an organ repress ion fun ction for TEL2 ,  but another rol e  for TEL 1. The 

d ifferences between expression patterns of TEL2 and te 1 can be understood in  terms 

of the d iffe rences in SAM morpho logy and the degree to which i nternodes are 

extended i n  Arabidopsis and maize .  Arabidopsis vegetative leaves have a spiral 

phy l lotaxy and  compressed i nternodes, and  we do  n ot observe any phyl lotaxy-rel ated 

pattern to  the TEL2 expression pattern (N  Alvarez, unpubl ished d ata) . I t  i s  on ly in the 

infl o rescence that we observe a spira l  pattern of TEL2 expression ,  and the 

i nternodes become elongated at th is stage i n  Arabidopsis development. Combined 

wi th the a n alysis of le t expression levels i n  maize t issues (F igure 2 . 1 5) ,  these resu lts 

are cons istent with the t iming and extent of TEL gene expression be ing a major  

factor i n  the evolut ion of  p lan t  architecture .  A s im i l a r  proposa l  has  been made for 

teosinte branched1 expression levels i n  the a lterati on of ma ize and  teosinte 

morpho logy ,  a l though the changes are l ess extensive ( Doebly 1 997) .  A genomic 

reg ion  of the te 1 gene was compared with Zea genus to test the hypothesis that te 1 

had been a major  determ inant of the morpho log ical  evolut ion of the genus  (White 

1 999 ) .  The a uthors found no evidence of past selection ,  however, this ana lysis d id  

not a n a lyse express ion levels o r  the p romoter reg ions of  the  gene.  

, brachytic 1 (br1)  is on 1 L-8 1 , br2 is on 1 L  near hm 1 and br3 is  on chromosome 5. The te 1 
gene is on 3L (Neuffer 1 997) 
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We know very l itt le about  the cel l u l a r  activity of p lant Mei2- l ike genes. The te 1 

express ion pattern i n  maize SAMs.  and the te 1 mutant phenotype have been 

exp la i ned by a model where in the TE i protei n  l im its the posit ions of leaf i n i t iat ion 

(Ve it 1 998) . G iven that RNas a re trafficked throug h  p lasmodesmata ( Iucas 1 995 ,  

R inne 1 998) one possib i l ity is that  some leaf i n i t iat ion promoting  transcript acts to 

i n it iate leaves at a specific long itud ina l  distance from the apex except in posit ions 

where the TE 1 protein is  present .  In these cel ls the TE 1 protei n  b inds to th is 

transcript and neg atively regu lates its activity. I t  wou ld certa i n ly be a s ign ificant 

breakthrough to identify the RNA target(s) of a p lant  Mei2- l i ke prote i n .  RRM protei ns  

a re i nvo lved i n  many  and  d iverse cel l u l a r  activit ies (Section 1 .  7b) ,  so the  cel l u l a r  

mechan ism o f  their activity is  impossib le t o  predict . Whi le  the ME I2  protei n  i s  

u nderstood we l l  at the cel l u l a r  and molecular level (Reviewed i n  Oh n o  1 999) ,  and  

p lan t  Me i2- l ike gene probably share some biochemical (RNA b ind ing)  activity ,  t he  

cel l u l a r  and b iolog ica l  contexts may be very d ifferent .  

6.4. A fi na l  s u m mary a n d  some new q uestions 

The  u lt imate a im of a developmenta l  study i s  t he  understand ing  of  t he  mechanisms 

that g ive r ise to form.  To what extent  Do we u nderstan d  the rol e  of te 1 and TEL 

genes? We have seen that the expression of the te 1 gene i n  maize relates to the 

spac ing of  leaf pr imord ia  i n  the SAM ,  and that the m utant  phenotype a ppears to have 

l ong itud ina l ly m isregu lated pr imord ia  i n it iat ion (Vei t  1 998) . Expression  levels i n  m aize 

i nflo rescence meristems general ly correlate to i nternode spaci ng ,  so the fun ct ion 

appears to reg ulate the posit ion ing  of  shoot  l ateral o rgans  (thi s  study) .  Very l itt le is  

known about the b iochemistry of  TEL genes except that the prote ins  probably 

regu late some aspect of RNA meta bo l ism o r  local isat ion .  S ince the structures a re 

n on-canon ica l ,  the b iochemical  i nteract ions of the prote ins may include a few 

su rpr ises, there i s  certain ly  n o  c losely related example to compare to.  The Mei2-l i ke 

gene fami ly  conta ins  seven members in  Arabidopsis that have d ifferent domains of 

express ion ( N  Alva rezo unpub l ished d ata) . These expression patterns inc lude 

express ion i n  the embryo and root qu iescent centre imply ing a broader ro le  than 

expected. Many quest ions remain unanswered, o r  have been b rought  to l ight  by 

these studies: 
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• What is the biochemical activity of TEL proteins? Knowledge of the ce"u lar  

loca l isat ion of TEL prote ins would provide he lp to answer th is  q uestion .  The 

identity of the target RNA(s) would be another important c lue. 

• Do Mei2-l ike prote ins have a structure not seen before? What does it do? 

• How is the expression of TEL genes regu lated? An i nteresting  facet of TEL 

gene expression i n  both Arabidopsis and maize is  that it is precisely 

patterned. What determines the pattern? 

• What is the role of TEL genes in  roots? Both te 1 and TEL 1 are expressed i n  

roots a t  various stages of development, a n d  i t  i s  u nclear how t h e  spatia l  

posit ion ing model app l ies to roots 

2 1 0  
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Appendices 

A P P E N D I C ES 

A ppend ix  1 .  O l igonuc leotide P rimers 

Pr imer  Seque n ce (5 '  TO 3 ' )  

ANCHOR G T A1K T GCAG r C GA C AAGC G  

ANCH O RT1 6  G r.z\1\ C T GCAG r C GACAA G C G  

V 
BV28 C T T C C T G T T C  AAGGAGC C 

BV30 C C G G r G G CA G  GT!'<�z\AG AA G C  

BV34 G G GA.z\ G C AAA C C C AGAAAGG 

BV36 AAG G r G T A C C  C C G G C T G C G G  

BV41 ACT ��ACAGGA G C T C C T C C T C  

DJ 1 G C GCAT!'<, T G C  ATAAT G G T T C  

T G C T C  

DJ 1 0 1 G G T G G G G GA G  G GAG T G GAAT 

DJ 1 08 C C GAACAAGT ACAGC CAGAA 

DJ 1 09 G C G C T T C CA G  G C C T T GTA 

DJ2 G CG C AT AT G C  AT T C AAAAGC 

T CA G C  

DJ201  CAGTATAGC T  G T T G C GGAAG 

DJ203 CACAGA C C G T  AGGG T G GAAC 

DJ204 G T T T C T G G CA GCAGT G G T G  

GLUB-3 T A G GA T C C T A  AC G C C GC C GT 

GLUX-5 A T T C T AGAGA T G T C T G T CAC 

M 1 3 Forward G TAPIAAC GAC G G C CA G T  

M 1 3  Reverse G GAPlliCAGC T  ATGAC CAT G 

M U E N D  G C G PlliT T C T T  CGT C YATAAT 

G GCAATTAT C 

M U S E L  T C TATAA T G G  CAAT TAT C T C  

N LS_ANTI C T AGAAT G G C  T C CTAAGAAG 

AAGAGAAAGG T T T  

NLS_S E N SE C T AGAAAC C T  1' T C T CT 1' C T T  

C T TAGGAGCC ATT 

OL lGOdT-20 T T T T T T T T T T  T T T T T T T T T T  

table continues o n  next page 

AG 

AG ( T ) .1 

T GT A  

C G T C  

C G C C!'<.T G 

!,<,G!,<�Z\G 

GTAGGTA 

G C  

CATT GA C  

C 

T T T C GAT 

C GGAC C A  
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N otes/posit ion* 

5' RAC E  
5'  RACE 

te 1 genomic pos. 4674F 
te 1 genomic pos. 36 1 9R 
te 1 genomic pos. 4597F 
te 1 genomic pos. 3435R 
te 1 genomic pos. 4447R 
5 '  primer to  amp l i fy ArgU tRNA 
gene fro m  pSB ET vector. 
Extreme 5 '  end of c loned te 1 
cDNA (pBV432) . 
le 1 genomic pos. 3223F 
Exon 3/exon4 border i n  le 1 
cDNA. 
Exon5/exon6  border in te. 1 
cDNA. 
3'  primer to ampl ify ArgU tRNA 
gene from pSBET vector. 
3' pr imer for pr imary PCR of 5' 
RACE .  te 1 genomic  pos.  3333R 
3' primer for secondary PCR of 5 '  
RACE .  te 1 genomic  pas. 3294R 

3 '  TEL2 pr imer, Bam H l l i nker  
5 '  TEL2 primer, Xba l  l inker 
M 1 3  phage pr imer 
M 1 3  phage pr imer 
Degenerate consensus for 
Mutator element end 
Mutator element end pr imer 
Encodes SV40 N LS anti-sense 
strand,  with Xbal overhang 
Encodes SV40 N LS sense 
strand,  with Xbal overhang 
Reverse transcription  pr imer for 
competitive RT-PCR 
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Pr imer Sequence (5 '  TO 3' )  N otes/position* 
RACE-RT C 'r G T  �n.AC A T G  GC TATT T G  Reverse transcr ipt ion pr imer for 

5 'RACE 
SW1 ACA G C C GC T �  C C G C AACl",G te 1 genomic pos . 3327F 
SW4 T GAGCAGCAG te 1 genomic pos. 4899R 
SW5 l\ G C T C G C C T T  Gl\C C T G r:r G T C  te 1 genomic  pos.  3653F 
TE 1 .Z\G C  CAT Gl\GC GCAAGAC CA te 1 genomic pos. 4537R 
TE1 5 T C GG G C T C C T  T GA}\CAGG te 1 genomic pos. 4676R 
TE19  G T C GCAC G G G  A,"'. C T 'r G GA te 1 genomic pos.  6345R 
TE22 G 'r G AA C T C GA C Gl".C GA G  te 1 genomic pos .  4 1 69 R  
TEC 1 0  G C C T A1\ G C T l\  G C 'rN:'AGC te 1 genomic pos. 6963R 
TG 1 TAG : TA T G GA G2\ T G G�;; G C T G  te  1 genomic  pos .  5603F 
TG1 0  G GA :::;G C TAGT AC G T G C G T T  te 1 genomic pos. 1 436F 
TG 1 1  G C C T GT GCAG T GACCA te 1 genomic pos. 1 88 9 R  
TG 1 2  GAC T T G G Gl".G AGGAT T T G  te 1 genomic pas. 396F 
TG2 T CAT T G GGCA T T GATAG G T C te 1 genomic pos.  5822R 
TG3 CAAT C CAGCA CAC G G C CA te 1 genomic pas. 2760F 
TG4 GAGAA C GGGA GAl",GT GAGAC te 1 genomic pas. 3063F 
TG5 CACCiHG,:HT A..qGGGTAAGA te 1 genomic pas.  7654R 
TG7 G,qT T G T G GA C  T T GG GAGAG te 1 genomic pas. 389F 
TG8 GAC C G'r CAAG CAGGl"Az\C te 1 genomic pas. 1 960R 
TG9 G C T AG T A C G T  G C G 1' T T Gl".TA te 1 genomic pos. 1 43 1  R 

* The 5' posit ion i n  either the te 1 genomic sequence,  o r  the pBV432 te 1 cDNA 
sequence,  with FIR suffix to ind icate orientation  of pri mer. 
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Appe n d ix 2. peR Programs 

Standard peR program templates and n on-standard programs. 
M ost PCR program s  described i n  th is  thes is  are vary on ly i n  anneal ing temperature , 
n umber of cycles , and the length of the extens ion t ime. I found it conven ient to use a 
common system to name PCR programs during my work, this system i s  used i n  this 
thes is .  P rograms are named with the format DJT axNc(L) , where Ta indi cates the 
a nnea l ing temperature i n  degrees centigrade, Nc the number of cycles ,  and L i s  an  
optiona l  parameter that ind icates a longer  than usua l  extens ion t ime .  The length of the 
extens ion  t ime i s  a lways specified . For example, the program DJ60x45L has a n  
annea l i ng  tem pe rature of 60ooC ,  45 cycles, a n d  a l o n g  extension time. The genera l  
para meters are described in  t he  DJT axNc( L) template below. 

P rograms that differ s ign ificantly from the standard template are named and described 
i nd iv idua l ly .  

DJTaxNc(L) temp late 
step Condit ion 
1 98°C for 3 :00 min. 
2 95°C for 0 : 30 min .  

3 Ta Q C  for 1 : 00 min .  
4 70cC for 1 :00 min .  

5 GOTO step 2 ,  Nc  

6 
7 
8 
9 

t imes 
95° C  for 0 : 30 min .  
Ta °e for 1 :00 m in .  
70°C for 1 0 :00 min .  
ho ld a t  4°C 

n ote 
in itia l denatu ration 
denaturat ion ,  addit ion of enzyme during  first cycle at 
9500C for hot starts 
anneal ing ,  temperature varies with program 
extens ion ,  programs w ith the suffix L wi l l  h ave a 
longer extens ion t ime 
number  of cycles varies 

fina l  extens ion , t ime inva riant  
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RAC E  6 
step 
stage 1 

2 
3 
4 

6 
5 
stage  2 
6 
7 
8 
9 
1 0  
1 1  
1 2  
1 3  

RACE 7 
step 
stage 1 

1 
2 
3 
4 
5 
6 

7 
8 
9 
stage 2 
1 0  
1 1  
1 2  
1 3  
1 4 
1 5  
1 6 

---------------� � �- ---

Cond it ion 

98°C for 3 :00 m in .  
95°C for 0 :30 m in .  
33°C for 1 : 00  m in .  
68°C for 0 :45 m in .  

GOTO step 2 .  1 0  t imes 
hold at 4°C 

95°C for 0:30 m in .  
66"C 1 : 00 m in .  
70<lC for 1 : 00  m in .  
GOTO step 6 ,  30 times 
95°C for 0:30 m in .  
66 °C  1 : 00 m in .  
70 °C  for 1 0:00 m in .  
ho ld  at 4 °C 

Cond it ion  

98°C for 3 :00 m in .  
95°C for 0 :30 m in .  
36°C for 1 0 :00 m in .  
72°C for 2 :00 m in .  
95°C for 0 :30 min .  
72°C for 1 : 00 m in .  
- 1  QC per cycle 
70°C for 1 :00 m in  
GOTO step 5 ,  9 t imes 
hold at 4°C 

95°C for 0 :30 m in .  
66°C 1 :00 min .  
70°C for 1 :00 m in .  
GOTO step 1 0, 34 t imes 
95°C for 0:30 min .  
66°C 1 : 00 min .  
70°C for 1 0 :00 min .  

note 
PC R  reactions  contai n  on ly  ANC H ORT1 6V 
pr imer 
Stage 1 :  i n it ia l  denaturation 
denaturat ion 
annea l i ng 
Second strand cDNA synthesis ,  n ote mu lt ip le 
cycles 

ANCHOR and DJ20 1  pr imers added at  9500C 

annea l ing 
extens ion 

fin a l  extens ion 

n ote 
PCR react ions contai n  on ly  ANC H O RT 1 6V 
pr imer 
i n it ia l  denaturat ion 

230 

denatu ration 
a n nea l ing 
second stran d  cDNA synthesis 

'touchdown' a nnea l ing of ANCHORT1 6V pr imer 

extens ion 

ANCHOR and  DJ201 pr imers added at  95coC 
denaturatio n  
a n nea l ing 
extens ion 

denaturation 
annea l i ng 
extension 
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1 7  hold  at 4°C fin a l  extension 

AUTOSEQ 
condit ion 

1 96°C for 1 0  
2 50'e for 5 seconds a nneal ing 
3 600e for 4 minutes extension 
4 G OTO step 1 ,  25 times 
5 ho ld  at 4 °o C  

DJ 1 
step conditio n  note 
1 96°e for 2:00 
2 96°e for 0 :30 
3 50°C for 0 : 30 
4 68°e for 0:30 
5 G OTO 2, 25X 
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Appe ndix 3. List of S u p pliers 

Supplier 

EquiBio Ltd , 

Qiagen 

The Wisconsin Package Vers i o n  9 . 1 , 

U ltra lum I nc.  

Co le Parmer I n strument C o .  

Anthos l abtec instruments 

Andrew Industrial Ltd . 

Oynal ,  A S .  

Medicel l l nternationa l  Ltd , 

M e rk-Schuchardt 

G i beo BRL 
Anthos l a btec i n struments. 

Stratagene C lon ing Systems.  

Contact Detai ls 

The Wheelwrights , 
Boughton Monchelsea Kent, 
MEA 4 LT, 
UK 
P O. Box 25 
C l ifton Hi l l  
Victoria 3068 
Austrailia 
www.qiagen.com 
Genetics Computer G roup (GCG),  
Madison ,  Wiscons in  
U SA 
Paramount, CA 90723 
USA 
Chicago I I I  
U SA 
Jakob Haringerstr, 
8 A-5022 Salzburg , 

3 Porana Rd.  North Shore City , Aucklan d  
New Zea l a n d ,  
p.a.  Box 1 58 
Sklyen,. 
N02 1 2  Oslo , 
Norway 
www.dynaLno 
239 Liverpool Rd 
London N 1 1 LX 
E ngland 
Schuardt 85662 
Hohenbru n n ,  
Germany 

Jakob Haringerstr, 
8 A-5022 Salzburg , 
Germany 
1 1 0 1 1 North Torrey Pines Rd La J o l l a ,  CA, 
USA www. stratagene.com 
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Appendix 4. Assembly of te1 gene sequencing reactions .  

E a c h  sequencing reaction i s  denoted by a n  a rrow represent ing the d i rection o f  the run ,  
a n d  n a med a ccording  t o  the te 1 genomic subclone used as  a template ,  fO l l owed by the 
pr imer sued for sequencing (R, M 1 3  reverse pr imer,  F M 1 3  forward pr imer, T71T3 
pr imers a re present in the pB luescriptSK" (Stratagene) vector. Other pr imers were 
designed to existing  genomic sequence. The suffix s ind icates that the sequence was 
trim med to exclude ambiguous sequence. For example 3 1 2Rs used the pBV3 1 2 
subc lone as  a temp late, the M 1 3  reverse primer, and was tri mmed . 

7 2 0  

3 1 2 Rs <==+ 

3 1 5 F S  <===+ 

3 1 2 R <===+ 

3 1 5F <====+ 

3 1 S FL <====+ 

3 1 2R <====+ 

3 0 7 T G 5 s  < ==+ 

3 1 SR +==> 

3 1 4 R <==+ 

3 0 4 TG l  +==> 
3 1 2 TG l  +===,,> 
3 1 2 sW 2  <==+ 

3 1 2 TE 1 9  <====+ 

3 0 4 TG 2  <==+ 

4 1 9 F +==> 
3 1 4 F +===> 

3 1 2TG2s <====+ 
3 1 2 BV2 8 s  +==> 
3 1 2BV2 8L +===> 

3 1 0T 3C <= =+ 
3 1 0T 3 B  <= = =+ 

3 1 2T E 2 7 s  < =+ 
3 1 0TE1 5 s  <= =+ 

3 1 3TEl < ==+ 
3 1 0sW5s +==> 

3 0 2Rs <= +  

CDNAS ' END +=> 
BV3 1 3 T 7  +==> 

3 1 3Fs +==> 

3 1 3F +==> 

3 0 6Rs <==+ 

3 0 8 T3 <==+ 

3 0 8 T 3 s  <==+ 

3 l 2TG8Bs <='=+ 

3 : 2 T G 8 s  < ===+ 

3 1 2 TG I OB s  <==+ 
3 1 2TGI O s  < ==+ 

DJ2 2 F s  < =+ 
DJ2 2Rs +=> 

3 1 2 TG7 s +> 

3 0 6 F += = >  

3 0 6 F s  +==> 
1 ========== 1 ========== 1 ========== 1 ========= 1 == = = ===== 1 

0 1 8 0 0  3 6 0 0  5 4 0 0  
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Append ix 5. Subclones of the 1 2.4 kb Kpnl  te 1 genomic clone. 

"<t 
co 
0 

'<"""" 
:: 

"<t 
(lJ ::! .Cl 

(ii X 

N iD � 0 
"<t ,.... 

N 

lD � ::.:. ;:: � (t) 
N lD l[) 

"<t r-- CJl 

:£. :£. t:: .Cl X = 

transcript 

<�===============:I 
pBV3 1 2  (Kpnl-Xhol) 

<: :] 
pBV3 1 0  (Kpn!-EcoRI) 

.-------:> 
pBV3 1 1 (Xhol-Kpnl)  

pBV306 (Kpnl-BamHI) 

<r-------' p BV309 (Hin d l l l-Kpnl)  

p BV308 (Kpn l-EcoRI) c===============> 
<-----' 

pBV307 (EcoRI-Kpnl)  

pBV3 1 3  (BamHI-BamHI) 

c===========> 
pBV301 (Bcll-Bel l )  <,...-_ .... pBV305 (BamHI·Kpnl )  

p BV302 (Bell-Hinfl) <==:t 
� 

c=;:> pBV3 1 5  (Hin d lll
H ind l l l )  

<!r---l 
pDJ22 (Xbal·Xbal) pBV3 1 4  (Hind l l l-Hind l l l) 

Arrows delineate the position of the M1 3 forward primer i n  the vector. 
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Appe n d ix 7. Pedi g rees of maize stocks. 
The M icrosoft Excel f i le  (supplementary fi l e :  OJMaizeStocks.x0 describes the pedig rees,  
a l le les ,  and sources of a l l  maize stocks used n th is  study . F u rther deta i l s  can be 
obta i ned from Bruce Veit . 

Appe n d ix 8. p e R  p roducts from te1 m utant  a l le les 

Allele Primer set Range Result Notes 

te 1 - 1  TG7/SW4 389 - 4899 no oroduct 
TG3fTE1 5 2760 - 4676 no product 
OJ 1 01 fTE1 5 3323 - 4676 Faint OA kb band expect 1 .6 kb band 
SW1 fTE 1 5  3327 - 4676 no product 
SW1 /SW4 3327 - 4899 no product 
SW5/SW4 3653 - 4899 as 873 
T G 1 ITE 1 9  5603 - 6345 as 873 
TG1 fTG5 5603 - 7654 as 873 

te l -ems TG3fTE1 5  2760 - 4676 as 873 
SW1 /SW4 3327 - 4899 as 873 
8V28fTEC 1 0  4674 - 6963 no product inconsistent results 
BV34fTEC 1 0  4597 - 6963 no product inconsistent results 
TG1 fTG5 5603 - 7654 as 873 

te 1 -mum3* MUENO/BV4 1 M utator insertion -500 bp product 8V family 2 1 54-5 (hetrozygote) .  
- 4447 PCR product cloned and 

sequenced: le1 genomic position 
401 7. 

te 1 -mum4* TG7/SW4 389-4899 no product 
TG3IT E 1 5 2760-4676 no product 
SW1 fTE 1 5  3327-4676 no product 
SW1 /SW4 3327-4899 no product 
SW5/SW4 3653-4899 as 873 

te 1 -mum5 SW1 /SW4 3327-4899 - 2A kb product Expected size, produced by B73, 
is 1 . 5 kb. Product ana lysed by 
restriction d igestion (Section 
2 . 1 3c). 

te 1-mum6 TG7/SW4 389-4899 no product 
TG3fTE 1 5  2760-4676 no product 
SW1 /SW4 3327-4899 no product 
SW5/SW4 3653-4899 as 873 
T G 1 fTE1 9  5603-6345 as 873 

le 1 -mum 7 TG7/SW4 389-4899 no product 
TG3fTE1 5  2760-4676 as 873 
SW1 /SW4 3327-4899 as 873 
8V34/TEC 1 0  4597-6963 as 873 
TG1fTG5 5603-7654 as 873 

* The n umbering used by the Veil group for te 1 -mum3 and te 1 -mum4 a lieles was interchanged. The new 

n umbering is used in this thesis. 
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A p pe n d ix 9. Southern B lot Data 

Appe n d ix 9 . 1 . S outhern b lot one. 
E nzymes: H indl l / .  
Probe midd le te 1 cDNA (4597-6345) 

Lane Digest Al le le  Family Molecu l a r  Notes 
weights of 
fragments 

Hind l l l  8 73 Expected 5 1 06+ 1 658 
3 873 7700 1 60 0  as expected 
4 le1 - 1  (A1 88) DJ96: 1 7  2200 

5 te 1 - 1 DJ96:22 7800 2200 

6 te 1 - 1  or te 1 - DJ96: 1 6  5400 1 60 0  

mum7 
7 te 1 -ems (A 1 88) DJ96 : 1 5  7800 1 60 0  

8 te 1 -ems DJ96:26 7800 1 600 

9 te 1 -mum1 DJ96:23 9200 1 60 0  

1 0  te 1-mum 1 DJ97: 1 8  9200 1 60 0  

1 1  te 1-mum 1 o r  2 DJ97: 5 1  2 800 not clear, does not seem to be 
either -mu m 1  or m um2 

1 2  te 1 -m u m2 DJ96:25 9200 1 60 0  

1 3  te1-m um2 DJ97:57 9200 1 600 

1 4  te 1-mum3 DJ97:43 not clear 

1 5  te 1-mum3 or 6 DJ96:4 2200 1 60 0  is  te 1-mum3 

1 6  te 1 -m um3 o r  6 DJ96:3 2200 1 60 0  is te 1 -mum3 

1 7  te 1-mum3 or 6 DJ96 2 2200 1 60 0  is te 1 -mum3 

1 8  te1 -mum3 or  4 DJ97:22 2200 1 60 0  is te 1-mum3 

1 9  te 1 -?(W22) DJ 96:40 2700 1 60 0  
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Append ix  9 .2 .  Southern blot two. 
E nzymes: Kpn l ,  EcoRI ,  H i nd l l l .  
P robe:  the ent ire te 1 cDNA (correspond ing to te 1 genomic reg ion  3327 t o  6980) 
Lan e  Digest Al le le  Fam i ly Molecul a r  weights of Notes 

frag ments 
Kpn l 8 73 Expected 1 2400 

3 B73 1 2900 as expected 

4 te 1 - 1  BV97 32 1 5000 
5 te 1 - 1  (A 1 88)  DJ96:22 1 6 1 00 
6 le 1 - 1 NA97:32 1 2900 

7 le 1 -m u m 1 DJ96 23 1 4400 
8 te 1 - m u m 2  DJ96:25 1 4700 

9 te 1-mum3 DJ96 : 2  1 4700 

1 0  te l - m u m 3  or 5 DJ98: 1 7  1 3500 1 2400 is te 1-mum5 

1 1  te 1 - 1  or mum7 DJ96 1 6  1 3800 1 2400 is  te 1 -mum 7 
1 2  le t -m um ? NA233 1 1 3200 1 2 1 00 

EcoRI 8 73 Expected 7280+ 2760 
1 3  873 1 0800 1 0400 9500 3200 extra bands not as 

expected 

1 4  te 1 - 1  BV97 :32 1 0600 4600 

1 5  te 1- 1  (A 1 88)  DJ96 :22 1 0600 4600 

1 6  te1 -1 NA97: 32 1 2600 8200 

1 7  te 1-mum 1 DJ96:23 1 21 00 1 0200 9500 5400 

1 8  te 1-mum2 DJ96:25 1 2 1 00 1 0200 9500 5400 

1 9  te 1-mum3 DJ96 :2  1 2600 1 0200 4500 

20 le 1-mum3 or  5 DJ98: 1 7  1 3800 

2 1  te 1 - 1  or m um7 DJ96: 1 6  1 3800 

22 te 1-m um 7 NA233 1 1 3200 9900 9300 

H i nd l l l  B73 Expected 5 1 06+ 1 658 

23 873 9300 1 60 0  as expected 

24 te 1 - 1  BV97:32 no bands visible 

25  te 1 - 1  (A1 88) DJ96:22 9500 8700 

26 te 1 - 1  NA97:32 1 3200 

27 te 1 -mum 1 DJ96:23 1 0800 1 600 

28 te1 -m um2 DJ96 25 1 0800 1 600 

29 te 1-mum3 DJ96:2 1 1 300 2300 

30 le 1 -mum3 or 5 DJ98: 1 7  6400 

3 1  le 1 - 1  or  mum7 DJ96: 1 6  6400 

32 le 1-mu m7 NA233 1 6300 
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Appendix 5. S u bclones of the 1 2.4 kb Kpn l  te1 genomic c lone.  

c: 

I 

:;; 
co 
0 

...... 
'7 B 
:! D 

X (iJ 

N iD � 0 
'7 .,-. N 
co l() 

.,... 
:!- � � co ...... 

N l() 
'7 (j) 

� t:. 
D 
X = 

transcript 

<===================:::1 
p BV3 1 2  (Kpn l-Xhol) 

<...------' 
pBV3 1 Q  (Kpnl-EcoRI) 

p BV306 (Kpnl-BamHI) 

<_---J 

...-1-----:> 
pBV31 1 (Xhol-Kpnl)  

r::=:::========:> 
p BV309 (Hindl l l-Kpnl) 

pBV308 (Kpnl-EcoRI) 
c::::=============:> 

<_--..I 

pBV307 (EcoRI-Kpnl) 

pBV31 3 (8amHI-BamHI) 

'" I�---------------------
v' 

p BV301 (Bc" -Bcll) <",,-_...1 p BV305 (BamHI-Kpn l) 

p BV302 (Bell-Hinfl) � 

� 

c:=:;> pBV315  (Hindll l
H ind ! ! l ) 

pDJ22 (Xba l-Xbal)  pBV314 (Hind l l l-Hindl l l )  

Arrows delineate the position of the M 13 forward primer i n  the vector. 
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Append ix  7 .  Ped i g rees of maize stocks. 
The M icrosoft Excel fi l e  (supplementary fi le :  DJMaizeStocks.xn describes the pedigrees,  
a l l eles ,  and sources of a l l  maize stocks used n th is  study .  Further detai l s  can be 
o bta ined from Bruce Veit .  

Appe n d ix 8.  peR p roducts from te1 m utant  a l leles 

Allele P rimer set Range Result Notes 

le 1 - 1  TG7/SW4 389 - 4899 no oroduct 
TG3ITE 1 5  2760 - 4676 no product 
DJ 1 01 ITE1 5  3323 - 4676 Faint 0.4 kb band expect 1 .6 kb band 
SW1 /TE 1 5  3327 - 4676 no product 
SW1 1SW4 3327 - 4899 no product 
SW5!SW4 3653 - 4899 as 873 
TG 1 ITE 1 9  5603 - 6345 as 873 
TG1 ITG5 5603 - 7654 as 873 

le 1 -ems TG3ITE 1 5  2760 - 4676 as 873 
SW1 /SW4 3327 - 4899 as 873 
8V28ITEC 1 0  4674 - 6963 no product inconsistent results 
BV34ITEC 1 0  4597 - 6963 no product inconsistent results 
TG 1 ITG5 5603 - 7654 as 873 

te 1 -mum3* MUENDIBV41 Mutator insertion -500 bp product BV family 2 1 54-5 (hetrozygote). 

- 4447 PCR product cloned and  
sequenced:  le 1 genomic position 
401 7. 

le 1 -mum4* TG7/SW4 389-4899 no product 
TG3ITE1 5 2760-4676 no product 
SW1 ITE 1 5 3327-4676 no product 
SW1 /SW4 3327-4899 no product 
SW5/SW4 3653-4899 as 873 

te 1 -mum5 SW1 /SW4 3327-4899 - 2.4 kb product Expected size, produced by 873,  
is 1 . 5 kb .  P roduct analysed by 
restriction d igestion (Section 
2 . 1 3C). 

te 1 -mum6 TG7/SW4 389-4899 no product 
TG3ITE1 5  2760-4676 no product 
SW1 /SW4 3327-4899 no product 
SW5/SW4 3653-4899 as 873 
TG1 IT E 1 9  5603-6345 as 873 

le 1 -mum ? TG7/SW4 389-4899 no product 
TG3ITE1 5  2760-4676 as 873 
SW1/SW4 3327-4899 as 873 
BV34ITEC 1 0  4597-6963 as 873 
TG1 ITG5 5603-7654 as 873 

* The n umbering used by the Veit group for te 1 -mum3 and te 1 -mum4 alleles was interchanged. The new 

numbering is used in this thesis. 
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Append ix  9. Southern B lot Data 

Appe n d ix 9 . 1 .  Southern b lot one.  
E nzymes:  H i nd l l ! .  
Probe middle te 1 cDNA (4597-6345) 
Lane Digest A l lele Fami ly Molec u l a r  Notes 

weig hts of 
fragments 

H i n d l l l  B 73 Expected 5 1 06+ 1 658 
3 873 7 700 1 60 0  as expected 

4 te 1 - 1  (A 1 8 8) DJ96 : 1 7  2200 
5 te 1 - 1  DJ96:22 7800 2200 
6 le 1 - 1  or te 1 - DJ96: 1 6  5400 1 60 0  

m u m 7  

7 te 1 -ems (A 1 88) DJ96: 1 5  7800 1 60 0  

8 te 1 -ems DJ96 26 7800 1 60 0  

9 te 1-mum 1 DJ96:23 9 200 1 60 0  

1 0  te 1 -m u m 1 DJ97: 1 8  9200 1 60 0  

1 1  te 1 -m u m 1  or 2 DJ97: 5 1  2800 not clear, does not seem to be 
either -mu m  1 or m u m 2  

1 2  te 1 -m u m 2  DJ96:25 9200 1 60 0  

1 3  te 1-m um2 DJ97:57 9200 1 60 0  

1 4  te 1 -mum3 DJ97:43 not clear 

1 5  te 1-mum3 or 6 DJ96:4 2200 1 60 0  is  te 1-mum3 

1 6  te 1-mum3 or 6 DJ96:3 2200 1 60 0  i s  te 1 -mum3 

1 7  te l-mum3 or 6 DJ96 2 2200 1 60 0  is  te 1-mum3 

1 8  te 1 -m u m 3  o r  4 DJ97:22 2200 1 60 0  is te 1 -mum3 

1 9  te l -?(W22) DJ96:40 2700 1 60 0  
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Appendix 9 .2 .  Southern b lot two. 
Enzymes: Kpnl ,  Eco R I ,  H ind J l J .  
P robe :  the ent i re te 1 cDNA (correspond ing to  te 1 genomic  reg ion  3327 to  6980) 
Lane D igest A l le le  Family Molec u l a r  weights of Notes 

fragments 
Kpn l  B 73 Expected 1 2400 

3 B73 1 2900 as expected 
4 te 1 - 1 BV9 7 : 3 2  1 5000 
5 te 1 - 1  (/\ 1 88)  DJ96:22 1 6 1 00 
6 te 1 - 1  NA97 : 3 2  1 2900 
7 te 1 -m u m 1 DJ 96:23 1 4400 
8 te 1 -m um 2  DJ96:25 1 4700 
9 te 1 -m u m 3  DJ96:2 1 4700 
1 0 te 1 -m u m 3  or 5 DJ98 : 1 7 1 3500 1 2400 is  te 1 -mum5 

1 1  te 1 - 1  or mum7 DJ96: 1 6  1 3800 1 2400 is  te 1 -mum 7 

1 2  te 1-m um7 NA233 1 1 3200 1 2 1 00 

Eco R I  B 73 Expected 7280+ 2760 
1 3  B73 1 0800 1 0400 9500 3200 extra bands not as 

expected 

1 4  te 1- 1 BV97 :32 1 0600 4600 

1 5  te 1 - 1  (A 1 88) DJ96:22 1 0600 4600 

1 6 te 1 - 1  NA97:32 1 2600 8200 

1 7 te 1 - m u m 1 DJ96:23 1 2 1 00 1 0200 9500 5400 

1 8  te 1-mum2 DJ96:25 1 2 1 00 1 0200 9500 5400 

1 9  te 1 - m u m 3  DJ96:2 1 2600 1 0200 4500 

2 0  te 1 -m u m 3  or 5 DJ98: 1 7  1 3800 

2 1  te 1 - 1  o r  m u m 7  DJ96: 1 6  1 3800 

22 te 1 -m u m 7  NA23 3 1  1 3200 9900 9300 

H i nd l l l  B73 Expected 5 106+ 1 658 

23 B73 9300 1 60 0  a s  expected 

24 te 1 - 1  BV9 7 : 32 n o  bands v is ib le 

2 5  te 1 - 1  (A 1 88 )  DJ96:22 9500 8700 

26 te 1 - 1  NA9?: 3 2  1 3200 

2 7  te 1 -m u m 1 DJ96: 2 3  1 0800 1 60 0  

2 8  te 1 - m u m 2  DJ96:25 1 0800 1 60 0  

2 9  te 1 -m u m 3  DJ96:2 1 1 300 2300 

3 0  te 1 -m u m 3  or  5 DJ98: 1 7  6400 

3 1  te 1 - 1  or mum? DJ96: 1 6  6400 

32 te 1 - m u m ?  NA2331  6 300 
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Append ix 9 .3 .  Southern blot three ' 
Enzymes: H i nd l l ! ,  EcoR I ,  
P ro be:  5 '  end te 1 cDNA (corresponding to te t genomic region  3327 to  4537) 

Lan e  Digest A l le le  Fam i ly 

H i nd l l l  8 73 Expected 5 1 06+ 
2 te 1 -m u m 3  BV99 : 5  bands not visible 
3 te 1-mum6 (A 1 88) BV99:9 1 0600 1 900 
4 te 1 -m u m 7  BV99: 1 3  5500 
5 A1 88 BV99: 1 6  1 1200 
6 te 1 -? (mum6?) BV99:20 1 1 200 
7 te 1 -m u m 1 BV99:21 1 0200 
8 te 1-mum2 BV99:23 1 0400 
9 te 1-mum3 BV99:25 1 2900 
1 0  te l-mum6 BV99:26 1 1 400 2 1 00 
1 1  te l-mum7 BV99:29 6000 
1 2  te l-m um5 BV99:32 1 2600 6300 
1 3  B73 8600 as expected 

EcoRI 8 73 Expected 2 760 

2 1  te 1-mum3 BV99:5 6600 5 1 00 

22 te 1 -m um6 (A 1 88) BV99:9 9500 2500 

23 te l-mum7 BV99: 1 3  1 1 200 
24 A 1 88 BV99:1 6 1 1 200 4500 

25 te1-? (mum6?) BV99:20 7 1 00 5600 

26 te 1 -m um 1  BV99:21 1 2600 6900 5500 

27 te 1-mum2 BV99:23 9900 4000 2400 

28 te 1-mum3 BV99:25 9500 3700 2300 

29 te 1-mum6 BV99:26 9700 3900 2400 

30 te 1 - m u m 7  BV99:29 1 2900 
3 1  te l-mum5 BV99: 32 1 2900 
32 B73 9500 2500 extra (faint) band 

(faint) n ot as expected 

, This Southern b lot was produced by Carmel Gi l lman 
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Append ix 1 0 . S u pplementary fi le d isk  

A C D  is  inc luded i n  the back cover o f  th is thesis. I t  conta ins  t he  fol lowin g  Macintosh 
format fi les (al l  a re Microsoft Word Fi les, except DJ ma ize l i nes) : 

Thesis chapters 1 to 6 

A l i gnments 

Gene index a l i gnment 
Pneumocystis a l i gnment 

Gene predictions 
AML3-pred ict ion 
AML4-pred ict io n  
AML5-pred ict io n  

M aize stocks 
DJ ma ize l ines (M icrosoft Excel Document) 

Sequences (a l l  i n  FASTA format) 
AML 1 -cDNA 
AML2-cD NA 
te1 -cDNA 
TEL 1 -cDNA 
T EL2b-cDNA 
AML 1 -genomic 
AML2-genomic  
AML3-genomic  
AML4-genomic 
AML5-genomic  
AML6-genomic  
AML7-genomic  
TEL 1 -genomic  
TEL2-genomic 
te1 -genomic  
M E 1 2- l i ke prote ins - FASTA 
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Appendix  1 1 .  The concurrent RNA world p roject 

A n umbe r  of papers were publ ished as part of an unrelated project that i nvestigated the 
evolut ion of early l ife from R NA world ancestors. Th is work produced three papers,  and a 
peer-reviewed i nternet page. These papers are not submitted as a requ i rement for the 
for the degree, and should not be examined as such.  They are i ncluded to ind icate that 
the author fo l l owed an in terest i n  other aspects of b io logy. 

Poole AM , Jeffares DC, Penny D ( 1 998) . The Path from the RNA world.  Journa l  of 
M olecu lar Evolut ion 46 : 1 - 1 7 . 

Jeffares DC ,  Poo le AM, Penny D ( 1 998) Rel i cs from the RNA wor ld .  Journa l  of Mo lecu lar  
Evolut ion 46 :  1 8-36 

Poole AM, Jeffares DC,  Penny D ( 1 999) Early Evolut ion :  Prokaryotes ,  the N ew Kids o n  
t h e  B lock. B ioEssays 2 1  ( 1  0) : 880-889. 

Jeffares DC, Poole AM (200 1 ) .  Were bacteria the first forms of l ife o n  earth? 
http://www.actio nbioscience .org/ageofbio/jeffares poole . html 


