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Abstract  Since  xyloglucan  is  believed  to  be  an  important  structural  polysaccharide  in  the 
cell  wal1,  possibly  interconnecting  adjacent  cellulose  microfibrils,  enzymes  that  modify 
xyloglucan  during  the  cell  expansion  process  receive  much  attention.  One  of  the  enzymes 
is  xyloglucan  endotransglucosylase/hydrolase  (XTH),  a  subgroup  of  glycoside  hydrolase 
family  16.  XTH  proteins  examined  so  far  display  endotransglycosylase  (XET),  hydrolase 
(XEH),  or  both  activities  towards  xyloglucans.  Genome  sequencing  of  several  model  plant 
species  has  revealed  that  XTH  proteins  are  encoded  by  large  multigene  families.  Com ﾂ 

prehensive  analyses  of  XTH  gene  expression,  together  with  functional  analyses  based  on 
loss-0f-function  mutants,  have  provided  evidence  in  support  of  the  hypothesis  that  each 
member  of  these  multigene  families  has  its  own  role.  This  is  reflected  by  different  sub ﾂ 

strate  specificities  and  pH  dependencies  of  several  individual  members.  Expression  of 
each  of  these  genes  is  precisely  regulated  by  various  hormones  as  well  as  by  environmen ﾂ 

tal  signals.  Some  members  appear  to  be  critical  in  promoting  cell  wall  expansion  and  are 
therefore  essential  for  cell  expansion,  whereas  others  are  required  for  construction  of  cell 
walls  in  cells  that  have  completed  the  expansion  process   

  
Introduction 

1.1 
Early  Work  that  Lead  to  the  Discovery  of  the  XTH  Protein  Family 
and  De 廿 elopmentofa  Uni 乃 ed  NOmenclature 

Two  lines  of  evidence  first  suggested  that  xyloglucan  plays  a  role  in  "the 
expanding  cell",  namely,  structural  analyses  of  the  cell  wall  in  suspension- 
cultured  cells  and  metabolic  analyses  of  cell  wall  polysaccharides  during 
auxin-induced  cell  expansion. 

In  1973,  Albersheim  and  colleagues  described  a  structural  model  for  the 
plant  cell  wall  in  which  xyloglucan  molecules  (see  Obel  et  a1.,  in  this  vol ﾂ 

ume)  were  strongly  attached  t0,  and  occasionally  cross-1inked  or  indirectly 
tethered  t0,  cellulose  microfibrils  via  hydrogen  bonds  (Keegstra  et  a1.  1973). 
This  first  molecular  model  of  the  plant  cell  wall  assumed  that  these  polysac- 
charide  cross-1inks  between  cellulose  microfibrils  (see  Hematy  and  Hofte, 
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in  this  volume)  serve  as  load-bearing  linkages,  so  that  modification  of  the 
linkages  would  be  necessary  for  cell  wall  extension,  and,  hence,  cell  expan ﾂ 

sion  and  morphogenesis  (Valent  and  Albersheim  1974).  Meanwhile,  Ray  and 
colleagues,  who  had  been  studying  the  dynamic  aspects  of  plant  cell  walls, 
showed  that  the  metabolic  turnover  of  xyloglucan,  as  detected  by  release 
of  a  '^-1abeled  xyloglucan  fragment  from  the  cell  wal1,  is  enhanced  dur ﾂ 

ing  auxin-  and  acid-induced  cell  expansion  in  pea  epicotyls  (Labavitch  and 
Ray  1974;  Jacobs  and  Ray  1975).  Following  these  pulse-chase  experiments 
by  Ray's  group,  Nishitani  and  Masuda  (1981,  1982,  1983)  have  found  direct 
evidence  that  the  molecular  size  of  xyloglucan  decreases  during  auxin-  and 
acid-induced  cell  extension  growth  in  epicotyl  sections  ofazuki  bean  (Vigna 
angularis).  Similar  changes  in  the  molecular  weight  ofxyloglucans  during  cell 
expansion  processes  have  been  observed  in  various  plant  species,  including 
monocots  (Inouhe  et  a1.  1984)  and  gymnosperms  (Lorences  et  a1.  1990). 

These  observations  lead  to  the  hypothesis  that  splitting  of  the  load-bearing 
xyloglucans  connecting  cellulose  microfibrils  is  the  rate-1imiting  step  for 
changes  in  the  mechanical  properties  of  the  cell  wall  and  that  it  thereby 
regulates  stress-relaxation  processes  of  the  cell  wal1.  However,  simple  cleav- 
age  of  linkages  between  cellulose  microfibrils  without  integration  of  newly 
deposited  microfibrils  would  merely  result  in  thinning  of  the  cell  wal1,  eventu- 
ally  causing  a  loss  of  its  mechanical  strength  and  its  ability  to  resist  mechan- 
ical  tension.  In  fact,  the  cell  wall  does  not  become  thinner  during  typical  cell 
expansion.  Thus,  a  simple  xyloglucan  cleavage  model  cannot  account  for  or ﾂ 

dinary  cell  wall  expansion  in  which  newly  synthesized  cellulose  microfibrils 
are  integrated  into  a  preexisting  cellulose/xyloglucan  framework  (reviewed  by 
Nishitani  1997). 

To  explain  this  paradox,  Albersheim  (1976)  proposed  the  involvement  of 
"an  endotransglycosylase  that  would  transfer  a  portion  of  a  polysaccharide 
to  itself"  in  the  remodeling  process  of  expanding  cells,  a  hypothetical  pro ﾂ 

cess  that,  at  the  time,  lacked  experimental  or  even  circumstantial  evidence. 
1t  was  not  until  the  1990s,  when  the  existence  of  this  hypothetical  process 
was  suggested  by  three  independent  lines  of  evidence.  Finally,  this  hypothesis 
was  proven  in  1992  when  an  enzyme  capable  of  catalyzing  molecular  grafting 
between  xyloglucans  was  purified  from  Vigna  angularis  and  its  mode  of  ac- 
tion  was  characterized  (Nishitani  and  Tominaga  1992;  see  Nishitani  1997  for 
a  review  of  the  discovery  of  the  XTH  protein  family). 

Since  then,  the  number  of  proteins  and  genes  in  this  family  has  grown 
rapidly,  resulting  in  overlapping  and  contradictory  nomenclature  and  clas ﾂ 

sification.  Accordingly,  discussion  among  researchers  through  the  Cell  Wall 
Newsgroups  and  a  discussion  forum  at  the  9th  International  Cell  Wall  Meet ﾂ 

ing  held  in  Toulouse  (France)  in  2001  led  to  adoption  of  the  name  xyloglu- 
can  endotransglucosylase/hydrolase  (XTH)  for  this  family  of  proteins  and 
genes  (Rose  et  a1.  2002).  In  addition,  it  was  decided  that  the  XTH  nomen ﾂ 

clature  should  be  based  on  sequence  homology.  As  a  result,  the  genes  and 
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proteins  in  several  model  plants  including  A.  thaliana  (Yokoyama  and  Nishi- 
tani  200  Ib),  rice  (Yokoyama  and  Nishitani  2004)  and  poplar  (Geisler-Lee 
et  a1.  2006)  as  well  as  in  other  plants  were  (re)named  according  to  this 
nomenclature. 

1n  this  chapter  we  focus  on  the  roles  of  individual  members  of  the  XTH 
family  of  proteins  in  cell  expansion   

ユ 

九寸 H  p 『 Otein 斗 

2.1 
XTH  as  a  Subgroup  of  Glycoside  Hydrolase  Family  16 

According  to  the  carbohydrate  active  enzyme  database  (CAZyme;  http:// 
www.cazy.0rg/CAZY/index.html),  in  which  carbohydrate-related  enzymes  are 
classified  according  to  structural  features  of  catalytic  and  carbohydrate- 
binding  modules,  XTH  belongs  to  a  subgroup  ofglycoside  hydrolase  family  16 
(GH16),  a  family  of  enzymes  characterized  by  Pfam  ID:  Glyco_hydro_16  (ac- 
cession  number  PF00722)  (Henrissat  1991;  Henrissat  and  Bairoch  1993,1996)   
XTHs  exhibit  one  or  both  of  two  enzyme  activities:  xyloglucan  :  xyloglucosyi 
transferase  (EC  2.4.1.207)  and  xyloglucan-specific  end0-/3-1,4-glucanase  (EC 
3.2.1.151)  activity,  which  are  currently  referred  to  as  xyloglucan  endotrans- 
glucosylase  (XET)  and  xyloglucan  endohydrolase  (XEH)  activity,  respectively 
(Rose  et  a1.  2002).  Thus,  the  XTH  family  is  denned  based  on  the  structural 
features  of  the  proteins  but  not  on  their  enzymatic  activities.  Based  on  the 
structural  features,  the  XTH  family  of  proteins  and,  hence,  the  genes  encoding 
them,  are  grouped  into  three  classes  (1,  I1,  and  III).  Members  of  the  class  I/II 
subfamily  are  thought  to  mediate  transferase-directed  catalytic  (XET)  activ ﾂ 

ity,  whereas  members  of  the  class  III  subfamily  mediate  hydrolysis-directed 
(XEH)  activity. 

The  XTH  family  of  proteins  contains  the  signature  motif  DEIDFEFLG, 
which  includes  the  amino  acids  that  mediate  catalysis  (Nishitani  1995,  1997). 
A  site-specific  mutagenesis  study  ofAtXTH22  demonstrated  that  the  first  glu- 
tamic  acid  residue  in  the  DEIDFEFLG  motif  is  essential  for  catalytic  activity 
(Campbell  and  Braam  1998).  XTH  proteins  are  typically  N-glycosylated  on 
a  threonine  or  serine  residue  in  the  vicinity  of  the  catalytic  site.  Removal 
of  this  W-glycosyi  group  in  recombinant  AtXTH22  protein  reduces  the  en- 
zyme  activity  by  98%.  A  similar  effect  is  found  using  a  recombinant  XTH 
protein  from  the  very  primitive  plant  Selaginella  (Lycopodiophyte;  Van  Sandt 
et  a1.  2006).  This  indicates  that  the  N-glycosyi  group  has  a  critical  role  in 
maintaining  enzyme  activity.  Furthermore,  the  XTHs  possess  signal  pep- 
tides  targeting  them  for  secretion  into  the  apoplast  (Yokoyama  and  Nishitani 
2001a). 
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In  addition  to  XTH,  the  family  GH16  includes  keratan-sulfate  end0-1,4-/3- 
galactosidase  (EC  3.2.1.103),  glucan  end0-1,3-;8-D-glucosidase  (EC  3.2.1.39), 
end0-1,3(4)-/3-glucanase  (EC  3.2.1.6),  licheninase  (EC  3.2.1.73),  agarase  (EC 
3.2.1.81),  and  /c-carrageenase  (EC  3.2.1.83),  all  of  which  are  bacterial  or  fun ﾂ 

gal  proteins  and  are  not  found  in  higher  plants  (http://www.cazy.0rg/CAZY/ 
index.html).  Thus,  evolution  of  the  XTH  family  protein  is  intrinsic  to  plants, 
implying  that  it  has  a  unique  function  in  plant  cell  walls  and,  therefore,  plant 
growth  and  development. 

2.2 
XTH  Families  of  Genes  in  Plants 

Genome  sequencing  of  several  model  plants  has  revealed  that  higher  plants 
typically  contain  dozens  of  XTH  proteins.  For  example,  in  the  genome  of 
Arabidopsis  thaliana  (L.)  Heynh.  ecotype  Columbia,  33  open  reading  frames 
encoding  XTH  proteins  have  been  detected  (Yokoyama  and  Nishitani  2001b)   
Transcripts  derived  from  individual  XTH  genes  were  identified  by  RT-PCR 
using  gene-specific  primer  sets  (Yokoyama  and  Nishitani  200  Ib),  indicating 
that  all  33  A,  thaliana  XTH  open  reading  frames  are  functional  genes.  In 
addition,  the  completed  genomic  database  for  rice  (Oryza  sativa  L.  Cultivar 
Nipponbare)  contains  29  members  of  the  XTH  gene  family.  Expression  of 
transcripts  of  most  of  these  rice  XTH  genes  was  confirmed  by  gene-specific 
microarray  analysis  and  rea1-time  RT-PCR  analysis  (Yokoyama  et  a1.  2004). 

Figure  1  shows  a  phylogenetic  tree  of  XTH  families  for  the  two  model 
plants.  Given  that  xyloglucan  is  considerably  less  abundant  in  cell  walls  of 
monocotyledons  than  dicotyledons  and  is  not  typically  ascribed  an  import ﾂ 

ant  load-bearing  role  in  the  cell  wal1,  it  is  noteworthy  that  the  number  of 
XTH  family  members  in  rice  and  A.  thaliana  (Yokoyama  et  a1.  2004)  is  simi- 
la 「・ 十 ア丁 寸十 丁 lS re5I?eCt lt CaIl al5oD l フ e I 寸 oDte て 干 十止 丁 at l ユ SlI 寸 g 三 a 十干 1 又 o 二 reSCeI ナ 寸 aS5a 丁 L t( 二 

detect  XET  activity  Vissenberg  et  a1.  (2003)  found  very  high  XET  activity 
in  the  elongation  zone  of  several  grass  species.  One  possible  explanation 
for  this  apparent  paradox  is  that  the  xyloglucan  in  rice  walls  has  a  more 
1   I フ o ユ rtaI す t5tIl 又 CtL ユ ralfl ノ I す Cn てノイ丁 t 十す 巳 干す lSg 三 eI 寸 eralI 十 Lt 上丁 ()l ノ g 止 丁 t ・ AI 寸 alter イす atl 下 Lee フく - 
planation  is  that  XTHs  are  involved  in  the  modification  of  hemicelluloses 
other  than  xyloglucan.  At  present,  there  is  no  reason  to  exclude  the  possibility 
that  XTHs  from  rice  and  other  monocotyledons  act  on  other  polymers  such 
as  (1-3),  (l ﾑﾈ -4)-^3-D-glucans  or  glucuronoarabinoxylans,  which  are  abun ﾂ 

dant  in  monocot  cell  walls  (Yokoyama  et  a1.  2004).  More  recently,  sequencing 
of  the  genome  of  Populus  trichocarpa  Torr.  and  Gray  (http://genome.jgi- 
psf.0rg/Poptrl/Poptr1.home.html)  has  revealed  that  it  contains  41  XTH  genes 
(Geisler-Lee  et  a1.  2006).  It  has  been  suggested  that  the  higher  number  of  XTH 
family  proteins  in  woody  plants  than  in  A.  thaliana  and  rice  indicates  that 
XTH  plays  more  important  roles  in  secondary  wall  construction  processes, 
which  are  more  sophisticated  in  woody  plants. 
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Fig.  1  Phylogenetic  tree  ofXTHs  from  A.  thaliana  and  0.  sativa.  Modified  from  Yokoyama 
et  a1.  (2004) 
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A ・ recombinant  XTH  encoded  by  Populus  tremula  x  tremuloides  XET16A  (Ptt- 
XET16A  recently  renamed  to  PttXTH34,  Geisler-Lee  et  a1.  2006),  which  is 

structurally  in  Pichia  pastoris,  closest  and  to  A.  its  thaliana  crystal  structure  AtXTHS,  was  was  heterogeneously  determined  at  1.8-A  expressed 目 L 刃 r 三三三 res0- 0- 
lution  (Johansson  et  a1.  2003,  2004).  This  crystallographic  study  showed  that 
the  overall  structure  of  XTH  is  a  curved  ̂ -sandwich,  a  structural  feature 
also  found  in  other  GH16  family  proteins;  however,  the  substrate  binding 
cleft  has  a  structure  characteristic  of  the  GH7  family  proteins  (Johannsson 
et  a1.  2003,  2004).  In  addition,  crystallographic  analysis  suggests  that  gly- 
coside  hydrolases  in  the  GH11  family  (1,4-/3-D-xylan  endohydrolases)  have 
similar  /5-sandwich  structures  (Strohmeier  et  a1.  2004).  In  the  light  of  both 
the  crystallographic  data  for  the  poplar  XTHs  and  the  genomic  data  for 
the  rice  XTH  family  members,  it  is  likely  that  XTHs  from  other  plants 
can ・ act  on  polysaccharides  other  than  xyloglucans,  especially  xylans  and 
glucans. 

3 
Biochemica@Cha 十 aLteri て ationo 十八寸 け 

3.1 
Measurement  of  Enzyme  Activity 

As  mentioned  above,  all  XTH  family  proteins  examined  so  far  have  XET,  XEH, 
or  both  activities  towards  xyloglucans.  Thus,  two  different  assays  are  required 
for  biochemical  characterization  ofXTH  proteins. 

3.1.1 
XEH  Activity  (Hydrolase  Activity) 

Endohydrolytic  activity  toward  xyloglucans  can  be  assayed  by  measuring 
changes  in  specific  viscosity  and/or  reducing  power  of  a  xyloglucan  solu ﾂ 

tion  over  time.  Based  on  this  assay,  the  first  XTH  capable  of  specifically 
hydrolyzing  xyloglucan  was  purified  from  nasturtium  (Tropaeolum  majus  L.) 
(Edwards  et  a1.  1986).  At  that  time,  this  enzyme  was  implicated  in  the  degra ﾂ 

dation  of  storage  xyloglucan  in  germinating  seeds  of  the  plants  and  was  not 
considered  essential  in  the  regulation  of  primary  cell  wall  architecture  (Ed ﾂ 

wards  et  a1.  1985).  So  far,  all  the  XTH  proteins  with  hydrolytic  activity  are 
identified  as  members  of  class  III  (Fanutti  et  a1.  1993;  Farkas  et  a1.  1992;  Kaku 
et  a1.  2002). 
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3.1.2 
XET  Activity  (Transferase  Activity) 

Segment  transfer  between  xyloglucan  molecules,  also  known  as  the  molecular 
grafting  reaction,  can  be  assayed  by  two  different  procedures:  (i)  measure ﾂ 

ment  of  changes  in  the  molecular  weight  distribution  profile  of  xyloglucan 
molecules,  and  (ii)  measurement  of  the  rate  of  transfer  of  a  portion  of  a  donor 
substrate  to  a  radi0-actively  or  fluorescently  labeled  xyloglucan  acceptor 
(Nishitani  1997). 

The  first  evidence  for  the  existence  of  enzymes  capable  of  transferring 
a  segment  of  xyloglucan  to  another  xyloglucan  polymer  was  obtained  when 
a  xyloglucan  with  a  defined  molecular  weight  distribution  was  incubated  with 
the  apoplastic  enzymes  prepared  from  V.  angularis  (azuki  bean)  (Nishitani 
and  Tominaga  1991).  Specifically,  it  was  shown  that  an  initially  uniform  pop ﾂ 

ulation  of  xyloglucans  with  a  mean  molecular  weight  of  420  kDa  diverged 
to  give  two  populations  with  mean  molecular  weights  of  approximately  149 
and  820  kDa,  the  latter  being  insoluble.  In  addition,  a  purified  azuki  bean 
XTH  catalyzed  the  transfer  of  an  approximately  130kDa  xyloglucan  from 
a  230  kDa  xyloglucan  donor  substrate  to  a  fluorescently  labeled  15kDa  xy ﾂ 

loglucan  (Nishitani  and  Tominaga  1992). 
1t  is  not  possible,  however,  to  demonstrate  molecular  transfer  between 

xyloglucans  by  analyzing  this  disproportionation  reaction.  Given  that  xy- 
loglucans  serve  as  both  the  donor  and  acceptor  molecules,  the  substrates 
should  be  distinguished  either  by  chemical  or  isotopic  labeling.  For  ex ﾂ 

ample,  a  2-pyridylamino  xyloglucan  oligosaccharide  (2PA-XXXG)  was  used 
to  demonstrate  the  XTH-mediated  molecular  transfer  reaction  between  xy- 
1oglucans.  Als0,  changes  in  the  molecular  weight  distribution  pattern  of 
fluorescently  labeled  xyloglucans  can  be  monitored  by  high-performance  gel 
permeation  chromatography  coupled  with  fluorescence  detection.  This  ap ﾂ 

proach  made  it  possible  to  demonstrate  and  characterize  the  XET  activity  of 
VaXTHI  purified  from  an  apoplastic  solution  ofazuki  bean  epicotyl  (Nishi- 
tani  1992,  Nishitani  and  Tominaga  1992).  By  using  this  stable  fluorescent 
probe,  the  molecular  size  ofxyloglucan  segments  transferred  from  the  donor 
to  the  acceptor  molecule  was  measured.  The  data  indicated  that  the  donor 
substrate  molecules  were  cleaved  randomly  in  an  end0-type  fashion  to  gener ﾂ 

ate  a  split  segment  with  an  average  molecular  weight  half  of  that  of  the  donor 
substrate  (Nishitani  and  Tominaga  1992). 

XET  activity  can  also  be  measured  quantitatively  and  with  high  sensitivity 
using  [redudng-termma1-Glc-1-^^XXFG  (Fry  et  a1.  1992).  The  reaction  typ ﾂ 

ically  includes  a  mixture  of  high  molecular  weight  xyloglucan  and  the  ̂H] 
XXFG.  The  enzymatic  reaction  splits  the  high  molecular  weight  xyloglucan 
and  ligates  a  portion  of  it  to  the  non-reducing  terminus  of  ̂ HjXXFG,  thereby 
producing  a  high  molecular  weight  13!!]-1abeled  xyloglucan,  which  is  then 
adsorbed  to  filter  paper  that  is  measured  for  adsorbed  radioactivity. 
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Sulova  et  a1.  (1995)  developed  a  simple  and  rapid  colorimetric  procedure 
for  assaying  XET  activity  by  using  the  blue-green  coloration  of  polymeric 
xyloglucans.  This  method  was  based  on  the  disappearance  of  the  coloration 
upon  depolymerization  of  xyloglucan  as  a  result  of  segment  transfer  to  an 
oligomeric  acceptor  xyloglucan.  This  assay,  however,  cannot  distinguish  XET 
and  XEH  activities. 

To  visualize  XET  activity  in  mur0,  Ito  et  a1.  (1999)  prepared  a  fluoresceinyl 
xyloglucan  oligomer  by  coupling  5-[(2-aminoethyl)thioureidyl]fluorescein  to 
a  xyloglucan  oligomer.  Using  this  brighter  fluorescent  probe,  they  demon ﾂ 
strated  that  the  incorporation  of  the  labeled  acceptor  into  tobacco  suspension 
cultured  cells  decreased  when  XTH  gene  expression  is  reduced  by  overex- 
pression  of  the  antisense  strand  ofEXGT-Nl  mRNA  (Ito  et  a1.  1999).  A  mix ﾂ 
ture  of  sulforhodamine-conjugated  xyloglucan  oligosaccharides  is  another 
bright  fluorescent  probe  that  can  be  used  for  visualization  of  XET  activity 
(Fry  1997).  This  method  proved  to  be  effective  in  "dot-blots",  tissue  prints 
(Fry  1997),  and  zymograms  (lannetta  and  Fry  1999).  Using  this  fluorescent 
probe,  Vissenberg  et  a1.  (2000)  developed  an  in  muro  method  for  the  local ﾂ 
ization  of  XET  activity  in  living  cells.  They  showed  that  the  fluorescence  was 
most  prominent  in  the  elongation  zone  of  the  root  in  several  plant  species, 
from  the  most  primitive  up  to  the  most  evolved  land  plants,  providing  evi ﾂ 
dence  that  XET  activity  correlates  with  cell  expansion  in  specific  cells  of  the 
root  (Vissenberg  et  a1.  2000,  2001,  2003). 

3.2 
Mode ・ of  Enzyme  Action 

3 ・ ユ・寸 

Substrate  Specificity 

Azuki  bean  VaXTHI  is  a  strictly  xyloglucan-specific  enzyme  that  acts  effi ﾂ 

ciently  on  xyloglucans  regardless  of  whether  they  have  galactosyi  or  fucosyi 
side  chains  (Nishitani  and  Tominaga  1992),  but  it  does  not  act  on  other 
polysaccharides  such  as  carboxymethylcellulose  or  ;6-(1,3);(1,4)-mixed  glu- 
can.  Furthermore,  VaXTHI  has  higher  reaction  rates  when  xyloglucans  with 
higher  molecular  sizes  are  used  as  the  donor  substrate,  but  it  has  little  or  no 
donor  substrate  activity  on  xyloglucans  smaller  than  10  kDa.  A  kiwifruit  XTH 
(AdXET6)  (Schroder  et  a1.  1998)  and  a  nasturtium  XTH  (NmXET)  (Fanutti 
et  a1.  1996),  in  contrast,  act  efficiently  on  low  molecular  weight  donor  sub ﾂ 

strates. 
The  acceptor  substrate  activity  ofVaXTHI  does  not  depend  on  the  mo ﾂ 

lecular  size  (Nishitani  and  Tominaga  1992),  whereas  recombinant  A.  thaliana 
AtXTH22  protein  has  a  much  higher  affinity  for  high  molecular  weight  xy- 
1oglucans  (Km  =  0.3  ¦xM)  than  for  an  oligomer,  XLLGol  (Km  =  73  ̂iM)  (Pu- 
rugganan  et  a1.  1997).  Thus,  among  the  XTH  proteins,  there  is  divergence 
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in ・ the  specificity  for  the  molecular  size  of  both  the  donor  and  acceptor 
xyloglucans. 

3 ・ユ・ユ 

pH  Dependen て e 

Azuki  bean  VaXTHI  exhibits  a  sharp  pH  dependence  with  maximum  trans- 
ferase  activity  at  pH  5.8  (Nishitani  and  Tominaga,  1992).  A  similar  steep 
pH  dependence  curve  has  been  reported  for  XTHs  purified  from  kiwifruit 
(Schroder  et  a1.  1998),  cauliflower  (Hendriksson  et  a1.  2003),  and  epicotyl 
of  nasturtium  (Sulova  et  a1.  2003)  as  well  as  some  recombinant  A.  thaliana 
XTHs  produced  in  insect  cells  (Campbell  and  Braam  1999),  and  a  recombi- 
nant  poplar  XTH  produced  in  Pichia  yeast  (Saura-Valls  et  a1.  2006).  These 
enzyme  activities  decline  steeply  as  the  pH  value  increases  above  6.  The  pH 
ofapoplastic  solutions  derived  from  epicotyls  ofazuki  bean  range  from  6.2  t0 
6.6  (Nishitani  and  Tominaga  1991),  and  auxin  decreases  the  pH  value  by  about 
one  unit  in  several  plant  tissues  (Jacobs  and  Ray  1976).  Given  that  the  trans- 
ferase  activity  is  optimal  at  pH  5.7,  auxin  can  up-regulate  the  XTH  activity  in 
the  apoplastic  space  via  acidification.  These  findings  imply  that  the  enzyme 
activities  ofXTHs  in  growing  tissue  are  sensitive  to  and  may  be  controlled  by 
the  apoplastic  pH.  An  XTH  isozyme  from  nasturtium  seeds,  however,  shows 
a  different  pH  dependence  to  the  XTH  from  the  epicotyl;  specifically,  the  seed 
XTH  has  maximum  activity  across  a  broader  pH  range  (between  pH  5.5  and 
8)  (Sulova  et  a1.  2003).  An  XTH  from  the  very  primitive  plant  Selaginella, 
Sk-XTH1,  displays  XET  activity  over  a  broad  pH  range  (4.5-7.5).  This  could 
reflect  that  "ancient"  XTHs  are  able  to  be  active  over  broader  pH  ranges  than 
"more  recent"  ones  that  probably  adopted  specialized  functions  requiring 
a  steeper  pH  dependence  (Van  Sandt  et  a1.  2006) 

3 ・ 2 ・ 3 
Mechani5m  OfEnIymeReaction 

Sulova  et  a1.  (1998,  1999)  isolated  an  XTH-xyloglucan  complex  that  was  fairly 
stable  under  various  conditions  but  decomposed  quickly  upon  addition  of  an 
acceptor  xyloglucan.  This  strongly  supported  the  idea  that  XTH  forms  a  rela ﾂ 

tively  stable  glycosy1-enzyme  intermediate.  Based  on  this  and  other  data,  it 
appears  that  XTH  acts  by  first  recognizing  an  unsubstituted  /3-1-4-glucosyl 
residue  next  to  the  substituted  residue  of  a  donor  xyloglucan  molecule  at 
a  random  distance  from  the  terminus  (Nishitani  and  Tominaga  1992;  Steele 
et  a1.  2001).  In  a  second  step,  the  splitting  of  the  gtucoside  linkage  is  coupled 
to  the  formation  of  a  stable  glucosyi  intermediate,  in  which  the  first  glutamic 
acid  residue  in  the  catalytic  cleft  of  XTH  is  covalently  linked  to  the  split  end 
of  the  donor  xyloglucan  (Johansson  et  a1.  2004).  This  xyloglucosyi  moiety  in 
the  intermediate  is  transferred  to  the  4-hydroxyl  group  of  the  non-reducing 
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terminus  of  the  acceptor  xyloglucan  to  complete  the  transfer  reaction  (XET 
activity).  Alternatively,  the  xyloglucosyi  moiety  may  be  transferred  to  a  water 
molecule  to  perform  hydrolysis  (XEH  activity). 

Very  recently  Saura-Vails  et  a1.  (2006)  measured  the  kinetic  parameters  of 
the  recombinant  PttXTH34  (PttXET16A)  from  Populus  tremula  x  tremuloides 
(hybrid  aspen)  using  XXXGXXXG  as  the  glycosyi  donor  and  a  heptasaccha- 
ride  derivatized  with  8-aminonaphthalene-1,3,6-trisulphonic  acid  (XXXG- 
ANTS)  as  the  acceptor  substrate.  The  low  molecular  weight  donor  under ﾂ 

went  a  single  transfer  reaction  to  the  acceptor  substrate  under  initial  rate 
conditions.  Based  on  these  kinetic  data,  they  proposed  a  ping-pong  bi- 
bi  mechanism  with  substrate  inhibition  by  both  donor  and  acceptor.  This 
model  is  consistent  with  that  proposed  by  Baran  et  a1.  (2000)  for  nasturtium 
seed  XTH. 

4 
Biological  Functions  of  XTHs 

4.1 
Role  of  Xyloglucan  in  Cell  Wall  Expansion 

As  described  at  the  beginning  of  this  chapter,  cell  expansion  is  typically  ac- 
companied  by  structural  changes  in  cell  wall  xyloglucans  (Nishitani  and  Ma- 
suda  1981).  Electron  microscopical  observation  of  xyloglucans  using  a  nega ﾂ 

tive  staining  technique  coupled  with  immunogold  labeling  shows  that  most 
of  the  xyloglucan  molecules  are  localized  between  and  on  cellulose  microfib- 
rils  (Baba  et  a1.  1994).  Dissolution  in  24%  KOH,  which  disrupts  the  crystalline 
structure  of  cellulose  microfibrils,  shows  that  there  are  at  least  two  distinct 
forms  ofxyloglucan  (Nishitani  and  Masuda  1983).  Furthermore,  the  results 
indicate  that  there  are  two  types  of  non-covalent  interactions  between  xy- 
1oglucans  and  cellulose  microfibrils:  hydrogen  bonding  on  the  surface  of 
cellulose  microfibrils,  and  a  stronger  interaction  by  which  xyloglucans  are 
entrapped  within  the  paracrystalline  core  of  the  cellulose  (Hayashi  1989; 
Edelmann  and  Fry  1992).  In  addition  to  the  "adhered"  domain  of  the  xyloglu- 
cans,  there  is  an  "unattached"  domain  that  may  function  as  bridge  between 
cellulose  microfibrils.  These  interactions  mediate  the  interactions  in  the  cellu- 
lose/xyloglucan  complex  that  provide  a  load-bearing  structure  to  the  cell  wall 
and  constrain  the  cell  shape   

W@hitney  et  a1.  (1999)  showed  that  a  cellulose/xyloglucan  composite  is  less 
stiff  and  more  elastic  than  cellulose  alone,  despite  being  highly  cross-1inked. 
They  proposed  that  domains  of  cross-1inked  cellulose  behave  as  mechani ﾂ 

cal  elements  and  that  cellulose/xyloglucan  networks  provide  the  balance  of 
elasticity  and  strength  required  by  primary  cell  walls.  Again,  these  facts  are 
consistent  with  the  view  that  molecular  modification  ofxyloglucan  molecules 
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is  critical  for  controlling  the  mechanical  properties  of  the  cell  wall  and,  there ﾂ 

fore,  cell  wall  elasticity  and  rigidity. 
Using  sulforhodamine-1abeled  xyloglucan  oligosaccharides  as  probes  for 

subcellular  localization  of  XET  activity,  Vissenberg  et  a1.  (2005b)  revealed 
that  there  are  two  distinct  patterns  of  XET  localization,  fibrillar  and  uni- 
form, ・ which  depend  on  the  properties  of  the  cell  wal1.  The  fibrillar  pattern 
of  XET  activity  appeared  to  correlate  with  the  diffuse  growth  of  the  cell  wal1, 
in  which  the  XTHs  act  on  the  xyloglucan  domain  adhering  to  the  cellulose 
microfibrils. 

4 ・ユ 

Versatile  Functions  of  XTH  in  Processing 
of  the  Cellulose/Xyloglucan  Framework  in  the  Cell  Wall 

While  cellulose  microfibrils  are  produced  on  the  plasma  membrane  (Doblin 
2002),  xyloglucans  are  polymerized  within  the  Golgi  apparatus  and  se- 
creted  into  the  apoplast  by  exocytosis  (Carpita  and  McCann  2000;  Cosgrove 
2005).  Thus,  the  cellulose/xyloglucan  complex  must  be  assembled  outside  the 
plasma  membrane.  The  mechanism  by  which  newly  secreted  xyloglucans  and 
the  nascent  cellulose  microfibrils  are  assembled  into  a  cellulose/xyloglucan 
complex  in  the  cell  wall  space  remains  elusive.  Once  the  cellulose/xyloglucan 
complex  is  produced  outside  of  the  plasma  membrane,  it  is  ready  to  be 
integrated  into  the  preexisting  cell  wall  framework  by  the  actions  ofXTH.  Fig ﾂ 

ure  2  describes  the  possible  molecular  steps  by  which  the  cellulose/xyloglucan 
framework  is  processed  by  XTH. 

Fig.  2  Versatile  actions  of  XTH  in  the  processing  of  cellulose/xyloglucan  complexes. 
Square  rods  cellulose  microfibrils;  black  and/or  gray  strings  xyloglucans;  open  circles  non- 
reducing  termini  of  xyloglucan;  open  triangles  XTH  with  XET  activity;  solid  triangle  XTH 
with  XEH  activity.  For  R1,  R2,  R3,  and  R4,  see  text.  Modified  from  Nishitani  (1998) 
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Xyloglucan  anchored  to  a  preexisting  framework  may  be  split  and  re- 
connected  by  XET  activity  to  the  non-reducing  terminus  of  a  xyloglucan 
attached  to  a  nascent  cellulose  microfibri1.  Conversely,  xyloglucan  anchored 
to  a  nascent  cellulose  microfibril  may  be  split  and  reconnected  to  the  non- 
re    uClng  termlnu5  Of  a  XyIogluCan  anChored  to  a  PreeXl5tlng  framewoFk 
(Rl  in  Fig.  2).  These  reactions  would  lead  to  integration  of  new  cellu- 
1ose/xyloglucan  complexes  into  the  cell  wall  framework. 

When  the  split  end  of  a  xyloglucan  cross-1ink  is  connected  to  the  free  end 
of  an  anchored  xyloglucan,  the  cross-1ink  is  interchanged.  Cleavage  of  xy ﾂ 

loglucan  cross-1inks  by  hydrolysis  would  increase  mobility  of  the  framework. 
The  cleavage  of  the  cross-1inks  can  also  be  achieved  by  XET  activity  if  the  split 
end  of  the  xyloglucan  cross-1ink  is  transferred  to  a  free  xyloglucan  oligomer 
(Farkas  and  MacLachlan  1988;  Farkas  et  a1.  1992;  R2  in  Fig.  2).  Repetition  of 
these  reactions  will  render  the  cellulose/xyloglucan  framework  "plastic",  so 
that  the  cell  wall  can  extend  upon  application  of  turgor  pressure  (Nishitani 
1997).  This  process  may  constitute  the  molecular  basis  of  chemical  creep  of 
the  cell  wal1,  although  XTH  has  not  been  shown  to  mediate  the  creeping  ac- 
tion  in  vitro  (McQueen-Mason  et  a1.  1993;  Cosgrove  2005).  It  should  be  noted, 
however,  that  a  negative  result  in  an  assay  optimized  for  expansin  action  does 
not  disprove  the  ability  of  XTHs  to  promote  wall  100sening.  In  this  respect  it 
needs  to  be  proven  whether  exogenously  applied  XTHs  effectively  permeate 
the  wall  matrix. 

Cellulose-anchored  xyloglucan  chains  may  be  extended  by  the  XET  ac ﾂ 

tivity  of  XTHs.  If  a  free  xyloglucan  is  split  and  reconnected  to  an  anchored 
xyloglucan,  then  the  latter  will  be  elongated  (Nishitani  and  Tominaga  1991, 
1992;  Thompson  et  a1.  1997).  Conversely,  an  anchored  xyloglucan  may  be  split 
and  become  linked  to  the  free  xyloglucan  to  extend  the  reducing  terminal  do ﾂ 

main  of  the  anchored  xyloglucan.  Thus,  cellulose-anchored  xyloglucan  chains 
can  be  extended  freely  in  both  directions  by  the  molecular  grafting  reaction 
mediated  byXTH  (Nishitani  1998).  Molecular  grafting  reactions  between  xy- 
1oglucan  chains  anchored  in  the  same  microfibrils  will  generate  a  closed  100p, 
which  might  function  as  a  hook  to  interact  with  other  polymers.  The  re ﾂ 

verse  reaction  of  the  100p  formation  results  in  immobilization  of  the  soluble 
xyloglucan  oligomer  or  polymer  by  the  molecular  grafting  reaction  (R3  in 
Fig.  2). 

Finally,  the  unattached  xyloglucan  domain  in  the  cellulose/xyloglucan 
complex  will  be  degraded  by  both  the  XET  and  XEH  activities  of  XTHs  (R4 
in  Fig.  2).  Notably,  the  XEH  and  XET  activities  of  XTHs  toward  xyloglucans 
can  interact  synergistically  to  accelerate  cleavage  of  the  cellulose/xyloglucan 
framework.  This  might  occur  when  the  cell  wall  is  disassembled  during  rapid 
cell  differentiation  processes  such  as  fruit  ripening  and  abscission  as  well  as 
rapid  cell  elongation  without  cell  wall  synthesis. 

Taken  together,  most  of  the  reactions  required  for  the  assembly,  re ﾂ 

arrangement,  and  disassembly  of  the  cellulose/xyloglucan  framework  can  be 
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achieved  by  the  single  or  combined  actions  ofXTHs  (Nishitani  1997,  1998). 
Because  of  their  versatile  functions,  the  XTHs  are  thought  to  play  a  key  role  in 
the  regulation  of  the  cellulose/xyloglucan  framework  during  various  changes 
associated  with  cell  differentiation,  including  cell  expansion  (Nishitani  2002). 

4.3 
Specific  Functions  of  XTH  in  Cell  Expansion 

To  gain  insight  into  the  in  viva  action  of  XTH  in  cell  expansion,  the  rela ﾂ 

tionship  between  enzyme  activity  and  cell  elongation  has  been  extensively 
investigated.  In  some  studies,  XET  activity  was  shown  to  correlate  with  the 
growth  rate  (Prichard  et  a1.  1993),  but  this  was  not  found  in  other  studies,  and 
an  inverse  correlation  has  even  been  reported  (Wu  et  a1.  1994).  One  major 
complication  of  this  approach  is  that  the  XTH  family  of  proteins  is  encoded 
by  dozens  of  genes.  Given  the  divergent  catalytic  actions  of  XTHs,  it  is  not 
surprising  that  a  single  assay  system  has  not  been  able  to  prove  a  connec- 
tion  between  XTH  enzyme  activity  and  cell  extension  growth  (Palmer  and 
Davies  1996).  Therefore,  it  is  not  easy  to  determine  the  role  of  individual 
XTH  proteins  in  xyloglucan  dynamics,  which  is  involved  not  only  in  100sen ﾂ 

ing  but  construction,  stiffening,  and  disassembly  of  the  cell  wal1.  To  elucidate 
the  roles  of  individual  XTHs,  it  is  necessary  to  focus  on  the  function  of  their 
proteins  and  genes  in  specific  cell  types  or  tissues. 

In  roots  of  A.  thaliana  and  tobacc0,  elongating  cells  have  higher  XET  ac ﾂ 

tivity  than  non-elongating  cells.  Additionally,  trichoblasts  display  high  XET 
activity  at  the  site  of  future  root  hair  emergence,  as  revealed  by  incorpora ﾂ 

tion  ofsulforhodamine-1abeled  xyloglucan  oligosaccharides  (Vissenberg  et  a1. 
2000,  2001).  Similar  patterns  of  high  XET  activity  in  the  root  elongation  zone 
and  specific  sites  in  trichoblasts  are  observed  in  various  vascular  plants,  indi- 
eating  a  universal  role  of  XTH  in  root  cell  elongation  and  local  100sening  of 
"mature"  cells  to  allow  root  hair  emergence  (Vissenberg  et  a1.  2003). 

Comprehensive  expression  analysis  in  A.  thaliana  showed  that  the  33  XTH 
genes  exhibit  organ-  and  tissue-specific  expression  profiles  and  that  they  re ﾂ 

spond  differently  to  various  sets  of  environmental  and  hormonal  signals  (Xu 
et  a1.  1996;  Yokoyama  and  Nishitani  2000,  2001b;  Vissenberg  et  a1.  2005a; 
Osato  et  a1.  2006).  Whereas  some  genes  such  as  AtXTH2,  AtXTH4,  AtXTHS, 
AtXTH6,  and  AtXTH7  are  expressed  in  the  various  organs  and  do  not  exhibit 
clear  organ-specific  expression  profiles,  expression  of  most  of  the  genes  are 
organ-  or  tissue-specific.  For  example,  AtXTHI  is  expressed  in  the  silique, 
AtXTH9  in  the  flower  (Hyodo  et  a1.  2003),  and  AtXTH17,  AtXTH18,  AtXTH19, 
and  AtXTH20  in  the  root  (Yokoyama  and  Nishitani  200  Ib).  Although  the  four 
root-specific  genes  are  phylogenetically  closely  related,  they  exhibit  different 
tissue  specificity  within  the  root;  AtXTHlS  is  expressed  in  all  cell  types  in  the 
elongating  and  differentiating  region  of  the  root;  AtXTH19  is  expressed  in  the 
apical  dividing  and  elongating  regions  as  well  as  in  the  differentiation  zone 



102 K ・ NLhitani ・ K ・   iSsenberg 

and  is  up-regulated  by  auxin.  In  contrast,  AtXTH20  is  specifically  expressed 
in  vascular  tissues  in  the  basal  mature  region  of  the  root  (Vissenberg  et  a1. 
2005a).  Of  the  four  root-specific  XTH  genes,  AtXTH18  exhibits  the  highest 
level  of  mRNA  expression.  Functional  analyses  of  these  genes  using  T-DNA 
insertion  lines  and  RNA  interference  technology  have  revealed  that  AtXTHlS 
plays  a  primary  role  in  elongation  of  the  primary  root  (Osato  et  a1.  2006). 

To  identify  the  AtXTH  genes  that  are  differentially  expressed  during 
growth  of  the  inflorescence  stem  in  A.  thaliana,  Imoto  et  a1.  (2005)  charac ﾂ 

terized  the  expression  profiles  of  individual  XTH  genes  along  the  stem.  This 
analysis  showed  that  AtXTH9  and  AtXTH16  are  preferentially  expressed  in  the 
apical  part  of  the  stem  and  that  AtXTH24  (Meri5)  and  AtXTH17  are  specific 
to  the  lower  non-growing  part  of  the  stem  (Imoto  et  a1.  2005).  Because  these 
genes  encode  proteins  that  are  classified  as  class  II  and  are  assumed  to  exhibit 
XET  activity,  it  is  likely  that  XTHs  with  similar  enzyme  activities  play  distinct 
roles  in  apparently  opposing  aspects  of  cell  wall  metabolism,  namely,  cell  wall 
expansion  and  stiffening. 

In  juvenile  rosette  leaves  of  A.  thaliana,  AtXTH27  is  expressed  in  elongat- 
ing  immature  protoxylem.  Its  loss-0f-function  mutants  exhibit  short-shaped 
tracheary  elements  in  the  tertiary  veins  and  have  a  reduced  number  of  ter- 
tiary  veins  in  the  first  leaf,  indicating  an  essential  role  for  this  gene  in  the 
elongation  of  tracheary  elements  during  vascular  development  (Matsui  et  al   
2005).  During  the  expansion  process  of  the  immature  tracheary  elements, 
xyloglucans  in  the  primary  cell  wall  are  thought  to  be  degraded.  Because 
AtXTH27  encodes  a  class  III  XTH,  and  therefore  is  assumed  to  exhibit  XEH 
activity,  it  is  likely  that  the  ATXTH27  protein  mediates  the  degradation  of  xy- 
1oglucans  in  the  primary  cell  wall  of  the  tracheary  elements.  Alternatively,  it  is 
possible  that  the  AtXTH27  protein  mediates  the  fragmentation  ofxyloglucans 
by  transferring  the  large  split  fragment  of  the  xyloglucan  donor  molecular  to 
small  xyloglucan  fragments. 

The  rice  genome  possesses  29  XTH  genes,  most  of  which  show  organ-  and 
growth  stage-specific  expression  (Yokoyama  et  a1.  2004).  Detailed  expression 
analysis  for  individual  rice  XTH  genes  has  revealed  that  individual  OsXTH 
genes  have  temporally  and  spatially  controlled  expression  profiles  at  particu ﾂ 

lar  sites  in  the  rice  plant.  For  example,  OsXTH19,  which  encodes  a  class  III 
XTH,  is  almost  exclusively  expressed  in  the  basal  10-mm  region  and  shows 
the  greatest  correlation  with  the  rate  of  blade  elongation,  implying  a  role 
for  OsXTH19  in  leaf  cell  expansion.  In  the  internodes,  OsXTH19  is  specific ﾂ 

ally  expressed  in  the  dividing/elongating  zone,  suggesting  that  it  functions  in 
cell  expansion  in  both  leaves  and  internodes  of  rice  plants  (Yokoyama  et  a1. 
2004).  This  is  surprising  because  xyloglucan  in  rice  cell  walls  is  less  abundant 
than  in  dicotyledonous  plants  and  is  not  thought  to  participate  in  the  gen- 
eration  of  load-bearing  cross-1inks  in  rice  (Yokoyama  et  a1.  2004;  Yokoyama 
and  Nishitani  2004).  This  would  normally  suggest  a  critical  role  of  xyloglu- 
can  modification  by  XTHs  in  rice  cell  expansion,  but  we  cannot  exclude  the 
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possibility  that  polysaccharides  other  than  xyloglucans  are  the  substrates  of 
XTHs  in  rice  and  that  their  modification  plays  the  key  role  in  cell  expansion 
in  grasses. 

5 
Control  of  the  Expression  and  Action  of  XTH 

Extensive  studies  of  the  expression  ofXTH  genes  have  shown  that  individual 
members  of  this  gene  family  have  different  responses  to  signals.  This  implies 
that  the  actions  of  XTH  genes  are  differentially  regulated  by  environmental 
and  developmental  cues,  which  are  typically  mediated  by  hormonal  signals. 

5.1 
Brassinosteroids 

BRU1  was  isolated  as  a  transcript  whose  abundance  in  soybean  (Glycine 
max)  epicotyls  was  increased  by  treatment  with  brassinosteroids  (Zurek  et  a1. 
1994).  Sequence  analysis  of  BRU1  revealed  that  it  encodes  a  member  of  the 
XTH  family  (Zurek  and  Clouse  1994).  Recombinant  BRU1  protein  possesses 
XET  activity,  and  the  BRU1  transcript  accumulates  in  inner  epicotyl  tissues, 
particularly  in  the  phloem  and  paratracheary  parenchyma  cells  (Oh  et  a1. 
1998).  This  was  the  first  evidence  that  XTH  is  involved  in  brassinosteroid- 
regulated  elongation  both  in  vascular  and  epidermal  cells  of  G.  max. 

1n  A.  thaliana  seedlings,  treatment  with  brassinosteroids  increases  expres ﾂ 

sion  of  AtXTH22  (TCH4),  with  mRNA  accumulation  peaking  after  2h  (Xu 
et  a1.  1995,  1996).  AtXTH22  was  isolated  as  a  gene  rapidly  up-regulated  in 
response  to  touch,  a  mechanical  stress  (Braam  1992).  Comprehensive  expres- 
sion  analysis  of  A.  thaliana  XTH  genes  has  shown  that  1  (xM  brassinolide 
greatly  increases  the  mRNA  levels  of  AtXTH3,  AtXTH4,  AtXTH5,  AtXTH17, 
AtXTH22,  and  AtXTH23  in  11-day-0ld  seedlings  (Yokoyama  and  Nishitani 
200  Ib).  Similar  effects  of  brassinosteroid  on  XTH  genes  were  observed  in 
7-day-0ld  seedlings  of  A.  thaliana:  AtXTH22  (TCH4),  AtXTH23  (XTR6), 
and  AtXTH17  (BRU8/T8F5.9)  are  up-regulated  in  wild  type  plants  by  treat ﾂ 

ment  with  10  nM  brassinolide,  whereas  AtXTH15  (XTR7)  is  down-regulated 
in  a  det2-1  mutant,  which  is  defective  for  brassinolide  biosynthesis  (Goda 
et  a1.  2002).  Given  the  essential  and  versatile  roles  of  brassinosteroids  in  the 
growth  and  development  of  plants,  it  is  likely  that  individual  brassinosteroid- 
regulated  XTH  genes  play  distinct  roles  in  various  aspects  of  plant  deve1- 
opment.  Furthermore,  the  expression  of  AtXTH22  promoter;:GUS  gene  is 
observed  even  in  the  det2-1  mutant  and  the  bri1-2  mutant,  which  is  defective 
in  brassinosteroid  perception,  indicating  that  the  transcriptional  regulation 
of  AtXTH22  is  probably  not  mediated  directly  by  brassinosteroid  signaling 
(Iliev  et  a1.  2002).  Thus,  the  signaling  pathways  that  link  the  brassinosteroid 
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receptor  to  each  of  the  XTH  genes  are  not  clear,  despite  focused  studies  and 
the  extensive  expression  data  available  in  public  databases. 

5.2 
Auxin  and  Hydrogen  Ion 

Early  studies  on  xyloglucan  metabolism  showed  that  molecular  weight 
changes  in  xyloglucans  are  closely  related  to  auxin-induced  cell  expansion 
(Nishitani  and  Masuda  1981).  Although  end0-^-1,4-glucanase  has  long  been 
considered  a  promising  candidate  for  mediating  the  auxin-regulated  modifi ﾂ 

cation  of  xyloglucan  (Verma  et  a1.  1975),  it  does  not  exhibit  sufficient  activity 
toward  xyloglucans  (Ohmiya  et  a1.  1995;  Hayashi  and  Ohsumi  1994).  Fur- 
thermore,  it  is  difficult  to  explain  how  construction  and  reorganization  of 
the  cellulose/xyloglucan  framework  in  the  complicated  lamellate  structure  of 
the  cell  wall  can  be  mediated  by  simple  hydrolysis  of  xyloglucan  cross-1inks. 
This  paradox  was  resolved  by  the  discovery  of  the  XTH  family  of  proteins. 
Furthermore,  this  discovery  has  opened  another  means  of  exploring  cellu ﾂ 

lose/xyloglucan  reorganization  in  auxin-regulated  cell  expansion,  and  studies 
on  these  proteins  have  furnished  new  clues  for  resolving  the  molecular  mech ﾂ 

anisms  of  plant  growth  (Nishitani  1995). 
The  tomato  XTH  gene  SIXTH1  (LeEXT)  (Okazawa  et  a1.  1993),  which  was 

isolated  from  tomato  hypocotyls,  is  expressed  primarily  in  epidermal  and 
outer  cortical  cells  in  elongating  regions  of  the  etiolated  hypocotyls  (Catala 
et  a1.  1997)  and  in  expanding  fruit  (Catala  et  a1.  2000).  The  expression  of 
this  gene  in  the  epicotyl  section  is  up-regulated  by  exogenous  application  of 
5  u,M  2,4-dichlorophenoxy  acetic  acid.  Another  tomato  XTH  gene,  SIXTH2 
(LeXET2),  is  preferentially  expressed  in  mature  non-elongating  regions  of  the 
hypocotyls.  Interestingly,  the  level  of  SIXTH2  mRNA  is  decreased  by  auxin 
(Catala  et  a1.  2001),  Based  on  both  the  phylogenetic  relationship  and  the  en- 
2yme  actIvlty  ofthe  reComblnant P 「 oteln@ltapPea 「 S th 甜 SIXTH2  enCodeS 
a  protein  whose  enzyme  action  is  similar  to  that  of  the  SIXTH1  gene  prod- 
uct.  Thus,  the  different  expression  profiles  and  responses  to  auxin  of  the  two 
tomato  XTHs  supports  the  idea  that  each  member  of  the  XTH  family  of  pr0- 
teins  plays  a  distinct  role  in  cell  wall  construction,  despite  similar  or  identical 
enzymatic  activities.  It  is  likely  that  some  XTH  members  are  specifically  in ﾂ 

volved  in  auxin-regulated  molecular  grafting  of  xyloglucan  in  expanding  cell 
walls  and  that  other  XTH  members  mediate  the  grafting  of  cell  walls  that  are 
no  longer  expanding  (Nishitani  1997). 

Two  XTH  genes  from  V.  angularis  (azuki  bean),  VaXTHI  and  VaXTH2, 
are  phylogenetically  closely  related.  Based  on  their  structural  similarity  as 
well  as  studies  of  VaXTHI  activity,  VaXTH2  is  predicted  to  encode  a  pro ﾂ 

tein  that  has  XET  activity  (Nishitani  and  Tominaga  1992;  Nakamura  et  a1. 
2003).  Although  the  two  genes  are  predominantly  expressed  in  phloem  fibers 
of  growing  internodes  and  are  up-regulated  by  indole-3-acetic  acid  (IAA), 
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they  exhibit  temporally  distinct  expression  profiles  along  the  internode  and 
different  responses  to  auxin;  VaXTHI  is  expressed  nearer  to  the  top  of  the  in ﾂ 

ternode  than  VaXTH2.  The  promotive  effect  of  IAA  on  VaXTHI  expression  is 
blocked  by  inhibition  of  cell  expansion  with  0.25  M  mannito1,  whereas  that 
of  IAA  on  the  VaXTH2  gene  is  not  affected  by  mannitol  treatment.  More  in- 
terestingly,  fusicoccin,  a  potent  stimulator  of  the  plasma  membrane  ATPase, 
increases  the  level  of  the  transcript  for  VaXTHI  but  not  VaXTH2.  Thus,  the 
two  azuki  bean  XTH  genes  are  involved  in  distinct  aspects  of  cell  wall  dynam ﾂ 

ics  in  the  same  cell  type  during  different  stages  of  development  (Nakamura 
et  a1.  2003).  This  serves  as  another  example  of  the  division  of  roles  of  XTH 
proteins  in  auxin-induced  cell  expansion. 

The  A.  thaliana  XTH  gene  AtXTH19  is  expressed  in  the  apical  dividing 
and  elongating  regions  as  well  as  in  the  differentiation  zone  of  the  root  in 
seedlings,  and  its  mRNA  expression  in  intact  seedlings  is  up-regulated  by  ap ﾂ 

plication  of  0.1  nM  IAA  (Vissenberg  et  a1.  2005a).  To  gain  insight  into  how 
auxin  regulates  this  XTH  gene,  expression  of  AtXTH19  promoter::GUS  fu- 
sion  genes  was  examined  in  both  wild-type  plants  and  axr2-1  mutants  in 
which  the  domain  II  of  the  AXR2/IAA7  protein  is  not  functional  (Nagpal  et  a1. 
2000).  A  ful1-1ength  AtXTH19  promoter::G[JS  fusion  gene  (pAtXTH19::GUS) 
was  expressed  throughout  the  root.  An  auxin-responsive  element,  TGTCTC 
(Ulmasov  et  a1.  1997),  was  found  between  nucleotides  -956  and  -951  up ﾂ 

stream  of  AtXTH19.  Deletion  of  the  upstream  region  to  nucleotide  -  330  of  the 
promoter  GUS  construct  (-  330pAtXTH19::GUS)  eliminated  GUS  activity  in 
the  apical  dividing  region  of  the  root  of  the  wild-type  plant.  In  addition,  in  the 
axr2-1  mutant  plant  background,  expression  ofthepAtXTH19::GUS  gene  was 
drastically  reduced  in  the  differentiating  regions  and  was  only  observed  in  the 
apical  region  of  the  root.  Interestingly,  expression  of  the  -  330pAtXTH19::GUS 
fusion  gene,  which  lacks  the  TGTCTC  sequence,  was  also  suppressed  in  the 
elongation  and  differentiation  zones  of  the  mutant  root,  implying  that  tran- 
scriptional  activity  of  the  -  330pAtXTH19::GUS  fusion  gene  in  the  wild-type 
is  still  under  regulation  by  auxin  signaling  via  AXR2/IAA7  in  the  elongating 
and  maturating  regions  of  the  root  in  the  wild-type  plant  (Osato  et  a1.  2006). 
1n  this  context,  it  is  noteworthy  that  another  potential  auxin-responsive  se- 
quence,  TGTCAC  (Okushima  et  a1.  2005),  is  found  between  nucleotides  -  82 
and  -  67  upstream  of  the  AtXTH19  coding  region.  Although  specific  auxin- 
responsive  factor  proteins  inactivated  by  interaction  with  the  AXR2/IAA  pro ﾂ 

tein  have  not  been  identified,  the  auxin  signal  perceived  by  the  TIR1  protein 
(Dharmasiri  et  a1.  2005;  Kepinski  and  Leyser  2005)  is  considered  to  affect 
transcriptional  activity  via  the  auxin-responsive  element  (AuxRE). 

Several  other  auxin-responsive  XTH  genes  have  been  identified  in  A.  thali- 
ana.  External  application  of  1  ¦iM  IAA  increases  the  level  of  transcripts  for 
AtXTH4,  AtXTH22,  and  AtXTH25  and  decreases  that  of  AtXTH30  in  12-day- 
0ld  seedlings  that  were  grown  in  liquid  culture  on  a  rotary  shaker  under 
continuous  light  (Xu  et  a1.  1996).  Comprehensive  expression  analysis  of  the  33 
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AtXTH  genes  by  rea1-time  RT-PCR  (Yokoyama  and  Nishitani  200  Ib)  reveals 
that  application  of  1  ¦xM  IAA  to  intact  light-grown  11-day-0ld  seedling  ele ﾂ 

vates  the  expression  ofAtXTH3,  AtXTH17,  AtXTH19,  AtXTH22,  and  AtXTH23 
and  reduces  the  expression  ofAtXTH15,  AtXTH21,  and  AtXTH27  (Yokoyama 
and  Nishitani  2001b).  In  addition,  microarray  analysis  has  shown  that  appli- 
cation  of  1  U.M  IAA  to  in  7-day-0ld  seedlings  up-regulates  the  transcription 
of  AtXTH22  and  AtXTH23  and  down-regulates  that  of  AtXTH15,  AtXTH6, 
and  AtXTH14  (Goda  et  a1.  2004).  The  finding  of  different  sets  of  auxin- 
responsive  genes  in  these  experiments  may  be  partly  due  to  the  different 
growth  stages  and  culture  conditions  as  well  as  the  specific  methods  used  to 
detect  the  transcripts.  Nevertheless,  it  is  interesting  that  AtXTH22  (TCH4), 
which  is  up-regulated  by  mechanical  stimulus  and  application  of  brassin0- 
1ide,  is  also  up-regulated  by  auxin  in  the  three  independent  experimental 
conditions.  Als0,  an  AuxRE  element  is  found  in  the  S'-upstream  region  of 
AtXTH22  (TCH4)  (Iliv  et  a1.  2002).  Because  repetitive  mechanical  stimula ﾂ 

tion  leads  to  a  delay  in  shoot  growth  and  differentiation,  AtXTH22  may  play 
a  role  in  cell  wall  strengthening  or  stiffening  as  opposed  to  cell  expansion 
(Braam  2005). 

According  to  the  acid  growth  theory,  auxin  causes  acidification  of  the  cell 
walls  by  stimulating  hydrogen  ion  secretion  into  the  cell  wall  interior,  thereby 
inducing  modification  of  the  cell  wal1,  leading  to  cell  expansion  (Cleland 
1971).  It  is  postulated  that  auxin  and  acidification  act,  at  least  in  part,  by  sepa- 
rate  mechanisms  and  that  their  actions  are  additive  (Kutschera  1994).  The  pH 
of  apoplastic  solutions  derived  from  epicotyls  of  azuki  bean  range  from  6.2 
to  6.6  (Nishitani  and  Tominaga  1991).  Auxin  decreases  the  pH  value  by  about 
one  unit  in  several  plant  tissues  (Jacobs  and  Ray  1976).  XET  activities  in  crude 
apoplastic  solutions  derived  from  azuki  bean  epicotyls  (Nishitani  and  Tomi ﾂ 

naga  1991)  and  pea  epicotyls  (Fry  et  a1.  1992)  have  pH  optima  of  5.4  and  5.5, 
respectively.  Purified  azuki  bean  VaXTHI  exhibits  maximal  XET  activity  at 
pH  5.8  (Nishitani  and  Tominaga  1992).  These  XET  activities  decline  steeply  as 
the  pH  is  increased.  For  example,  the  crude  enzyme  preparation  from  pea  was 
less  than  half  as  active  at  pH  7.0.  Taken  together,  these  results  show  that  auxin 
can  enhance  the  XET  activity  in  the  apoplastic  space  via  acidification.  This 
view  is  consistent  with  the  effect  of  auxin  and  acidic  pH  on  cell  expansion 
growth   

5 ・ 3 
Libbe 十 e 山ト 

Gibberellic  acids  are  another  class  of  plant  hormones  that  play  a  principal  role 
in  the  regulation  of  cell  expansion  during  various  aspects  of  plant  growth  and 
development.  An  early  report  of  a  correlation  between  GA3-induced  intern- 
0de  elongation  growth  and  XET  activity  within  internodal  tissues  (Potter  and 
Fry  1993)  suggested  that  gibberellin  regulates  the  expression  ofXTH  genes.  In 
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sion  compared  to  the  unloaded  contro1.  Relief  of  this  weight  by  placing  the 
A.  thaliana  inflorescent  stem  horizontally  reduces  the  expression  levels  of 
most  of  the  cell  wal1-related  genes  that  were  preferentially  expressed  in  the 
non-elongating  basal  part  of  the  stem  (Imoto  et  a1.  2005,  Yokoyama  and  Nishi- 
tani  2006). 

Many  of  the  genes  that  are  up-regulated  by  mechanical  stimuli  encode 
calcium-binding  proteins  and  cell  wal1-related  proteins  (Braam  2005).  The 
signaling  pathways  connecting  mechanical  sensing  and  transcriptional  regu ﾂ 

lation  of  cell  wal1-related  genes  are  not  yet  known,  and  molecular  dissection 
of  the  pathways  leading  to  AtXTH22  expression  should  help  elucidate  the 
mechanisms  by  which  mechanical  stimuli  regulate  changes  in  the  cell  wall 
architecture  and,  hence,  plant  development  (Braam  2005)   

5.5 
Hypoxia  and  Anoxia 

F100ding  affects  cell  elongation,  particularly  in  ground  tissues.  The  Zea  mays 
(maize)  gene  wusl1005  was  isolated  as  a  f100ding-induced  gene  (Peschke  and 
Sachs  1994)  and  was  predicted  to  encode  an  XTH  protein  (Saab  and  Sachs 
1995).  The  amount  of  the  XTH  transcript  is  increased  in  shoots  of  maize 
seedlings  subjected  to  hypoxic  stress,  and  it  accumulates  in  regions  of  the 
root  and  mesocotyl  where  aerenchyma  develops  under  f100ding  conditions. 
Furthermore  the  mRNA  levels  are  increased  by  hypoxia  but  not  by  other  en ﾂ 

vironmental  stresses.  This  induction  and  aerenchyma  formation  is  blocked 
by  (aminooxy)  acetic  acid,  a  potent  inhibitor  of  ethylene  synthesis.  Further ﾂ 

more,  treatment  with  ethylene  under  aerobic  conditions  causes  aerenchyma 
formation  and  increases  expression  of  the  maize  XTH  gene.  This  indicates 
that  induction  of  wusl1005  under  hypoxic  conditions  is  mediated  by  ethy- 
1ene.  Interestingly,  wusl100S  expression  was  also  induced  under  anoxic  con ﾂ 

ditions,  which  inhibit  ethylene  production  and  aerenchyma  formation  (Saab 
and  Sachs  1996). 

Anoxia  also  up-regulates  XTHs  and  induces  shoot  growth  in  arrowhead 
tubers  (Sagittaria  pygmaea  Mig.).  Specifically,  the  levels  of  SpXTHI  and 
SpXTH4  transcripts  are  greatly  increased  by  anoxia  but  not  by  ethylene  or 
COz  (Oogawara  et  a1.  2005).  These  findings  suggest  that  members  of  the  XTH 
family  participate  in  cell  expansion  under  anoxic  conditions. 

6 
Concluding  Remarks 

The  fact  that  XTH  proteins  are  encoded  by  large  multigene  families  in  flower ﾂ 

ing  plants  raises  the  question  of  whether  each  of  the  genes  and  proteins  have 
specific  roles  or  are  functionally  redundant.  Recent  comprehensive  analyses 
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of  XTH  gene  expression,  particularly  in  A.  thaliana  and  rice,  together  with 
functional  analyses  based  on  loss-0f-function  mutants,  have  provided  evi ﾂ 

dence  in  support  of  the  hypothesis  that  each  member  of  the  XTH  gene  family 
has  its  own  specific  role.  Some  members  appear  to  be  critical  in  promoting 
cell  wall  expansion  and  are  therefore  essential  for  cell  expansion,  whereas 
others  are  required  for  construction  of  cell  walls  in  cells  that  have  completed 
the  expansion  process.  Expression  of  each  of  these  genes,  especially  at  both 
the  transcriptional  and  post-transcriptional  levels,  is  precisely  regulated  by 
various  plant  hormones,  including  brassinolide,  auxin,  and  gibberellin,  as 
well  as  by  environmental  signals.  Dissection  of  the  processes  regulating  the 
transcription  of  individual  XTH  genes  involved  in  cell  expansion  should  clar- 
ify  the  molecular  mechanism  by  which  hormonal  and  environmental  signals 
regulate  cell  expansion. 

Another  important  conclusion  from  the  comprehensive  studies  on  the 
XTH  family  of  proteins  is  that  cell  wall  expansion  is  not  solely  regulated  by 
XTHs,  although  they  carry  out  an  indispensable  and  rate-1imiting  step  of 
cell  expansion.  To  address  this  point,  a  "cell  wall  type-specific  gene  hypothe ﾂ 

sis"  was  proposed  (Nishitani  2002,  2005),  wherein  a  plant  body  is  composed 
of  dozens  of  cell  types  with  specific  cell  wall  types.  The  cell  wall  dynam ﾂ 

ics  in  a  given  type  of  cell  wall  involves  different  types  of  enzymes  encoded 
by  dozens  of  gene  families,  each  consisting  of  several  members,  referred  to 
as  "cel1-wal1-related  gene  families".  Given  the  distinct  cel1-type-specific  ex- 
pression  profile  for  each  member  of  a  cell  wal1-related  gene  family,  specific 
members  of  the  family  are  responsible  for  a  given  type  of  cell  wal1.  So  far,  the 
results  obtained  for  several  cell  wal1-related  gene  families  are  consistent  with 
this  hypothesis  (e.g.,  Yokoyama  and  Nishitani  2001b).  The  essence  of  this  hy ﾂ 

pothesis  is  that  there  are  transcriptional  factors  that  define  individual  cell  wall 
types  and  thereby  direct  individual  proteins  within  the  enzyme  set  to  work 
on  specific  types  of  cell  wal1.  Transcriptional  factors  intrinsic  to  expanding 
cells  must  be  regulated,  in  turn,  by  a  higher  class  of  master  genes  that  would 
govern  morphogenesis  in  genera1. 

Recently,  several  candidates  for  the  hypothetical  master  genes  for  specific 
cell  wall  types  have  been  identified.  These  include  several  transcriptional  fac- 
tors  that  govern  cell  type-specific  regulation  of  cell  wall  genes  in  the  root 
elongation  region  (Birnbaum  et  a1.  2003)  and  an  NAC  transcription  factor, 
which  controls  secondary  wall  construction  processes  (Mituda  et  a1.  2005). 
Although  further  studies  are  needed  to  clarify  the  molecular  processes  by 
which  these  transcription  factors  coordinate  the  actions  of  individual  cell 
wal1-related  genes,  these  results  provide  convincing  evidence  in  support  of 
the  cell  wall  type-specific  gene  hypothesis.  Investigation  of  the  signaling 
networks  that  link  these  transcriptional  factors  and  genes  involved  in  cell 
expansion  would  provide  important  clues  for  understanding  the  mechan ﾂ 

ism  of  cell  expansion,  particularly  that  mediated  by  cell  wall  100sening  and 
reconstruction. 
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