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Summary. The light-regulated nuclear gene en- 
coding subunit A of  chloroplast glyceraldehyde-3- 
phosphate dehydrogenase (subunit GAPA, gene 
Gpal) from maize is extremely G + C  rich (67% in 
codons). The genomic surroundings of  this gene have 
been characterized together with the sequences of  
two strongly conserved Gpa pseudogenes isolated 
from a genomic maize library by differential cDNA 
hybridization. The comparisons show that the high 
G + C  content of  the maize gene is maintained in- 
dependently of  the surrounding noncoding se- 
quences, which are G + C  poor (42%), and only as 
long as the gene encodes a functional protein. After 
nonfunctionalization, Gpa pseudogenes rapidly loose 
G + C  mainly due to enhanced turnover of  CpG and 
CpXpG methylation sites. These results suggest that 
the maize Gpal gene is under strong functional GC 
pressure, due to constraints (CpG island) probably 
exerted at the transcriptional level. They also in- 
dicate that Gpa pseudogenes are methylated and 
that methylation was either the cause or the im- 
mediate consequence of their nonfunctionalization. 
It can be concluded further that the progenitor of  
pseudogenes 1 and 2 was a second functional Gpa 
gene (Gpa'), which, after duplication, accelerated in 
evolutionary rate due to relaxation of selective con- 
straints. This is in agreement with the neutral theory 
of evolution. Comparison of Gpa intron sequences 
reveals a gradient of  divergence: the more 3' the 
position of an intron the more its sequence has di- 
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verged between the three Gpa genes. A speculative 
model is presented explaining these observations in 
terms of a homologous recombination of  genes with 
their reverse-transcribed pre-mRNAs. 
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Introduction 

Previous studies on the codon usage of  higher plants 
(Brinkmann et al. 1987; Niesbach-KltSsgen et al. 
1987; Salinas et al. 1988) revealed fundamental 
differences between nuclear genes of  monocotyle- 
donous (monocot) and dicotyledonous (dicot) an- 
giosperms. While monocot genes show a broad vari- 
ation of G + C  values at the degenerate third base 
position of codons (between 40 and I00%), the cor- 
responding values of  dicot genes were found to be 
relatively low, centered around 50% G + C  with a 
rather symmetrical distribution (see Salinas et al. 
1988). In view of the rough correlation between co- 
don bias and gene expressivity in vivo, we (Brink- 
mann et al. 1987) suggested that the high G + C  pref- 
erence of  certain inducible monocot genes reflects a 
functional GC pressure due to constraints exerted 
at the expression level. According to this hypothesis, 
monocot plants relate third position G + C  prefer- 
ence with the tendency of  a gene to show strong 
expression in response to endogenous and exoge- 
nous stimuli (for details see Brinkmann et al. 1987). 
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Al te rna t ive ly ,  G + C  c o n t e n t  a n d  c o d o n  bias  in  
genes m a y  be a f u n c t i o n  o f  the overa l l  mosa i c  s t ruc-  
ture o f  the genome .  Such a r e l a t i onsh ip  has been  

suggested p r ev ious ly  for b i rds  a n d  m a m m a l s ,  where  
genes are e m b e d d e d  in  " i s o c h o r e s "  (Bernard i  et al. 
1985; Ao ta  a n d  I k e m u r a  1986; Be rna rd i  and  Ber- 
nard i  1986), long D N A  segments  ( > 3 0 0  ki lobases)  
with different  G +  C levels  a n d  fairly h o m o g e n e o u s  
base c o m p o s i t i o n s .  Th i s  m e a n s  that  the G + C  con-  
tent  at  the th i rd  base pos i t i on  o f  a pa r t i cu la r  m a m -  
mal  gene reflects the G + C  level  o f  the s u r r o u n d i n g  
isochore, compr i s ing  in t rons ,  f lanking sequences,  a nd  
spacer D N A .  

A s imi la r  i sochore  o r g a n i z a t i o n  has recent ly  b e e n  
p roposed  for the g e n o m e s  o f  h igher  p lan t s  by  Sa- 
l inas  et al. (1988). These  s tudies  seem to suggest tha t  
G + C-r ich  genes o f  m o n o c o t s  are c lus te red  in  G § C- 
rich isochores,  which  are a b s e n t  in  d ico t  genomes .  
The  nuc l ea r  gene e n c o d i n g  s u b u n i t  G A P A  of  chlo-  
roplast  g lyce r a ldehyde -3 -phospha t e  dehydrogenase  
(gene Gapal )  is an  excel lent  c a n d i d a t e  wi th  which  
to test this  hypothes is .  The  ma ize  Gapal  gene is 

s t rongly light regula ted  (Ce r f f and  K lopps t ech  1982) 
and  ex t r eme ly  G + C  rich in  its cod ing  sequences  
and  in  the region  s u r r o u n d i n g  the p r o m o t e r  (67 a n d  

60% G + C ,  respect ively;  see Quigley  et al. 1988). 
In  the p resen t  work  we charac te r ized  the g e n o m i c  

s u r r o u n d i n g s  of  the func t iona l  ma i ze  Gpal  gene a n d  
the sequences  o f  two s t rongly  conse rved  Gpa pseu-  
dogenes  (~bl a n d  ~b2) i so la ted  f rom a g e n o m i c  ma ize  
l ibrary by  differential  hybr id i za t ion  with specific a nd  
nonspeci f ic  c D N A  fragments .  T h e  resul ts  show tha t  
the ma ize  Gpal  gene is s u r r o u n d e d  by G + C - p o o r  
n o n c o d i n g  sequences  a n d  its high G + C  c o n t e n t  is 
m a i n t a i n e d  only  as long as the gene encodes  a func-  
t ional  pro te in .  After  n o n f u n c t i o n a l i z a t i o n ,  Gpa 
pseudogenes  rap id ly  loose G + C ,  m a i n l y  due  to en-  
hanced  t u r n o v e r  o f  C p G  a n d  C p X p G  m e t h y l a t i o n  
sites. 

55~ for 5 min and in vitro packaged according to Hohn (1979). 
Eseherichia coli strain K803 (Federoff 1983) was employed as a 
host. 

Identification and Sequenctng of Gpa Pseudogenes. Recom- 
binant clones specific for Gpa pseudogenes were identified by 
differential plaque hybridization with a nonspecifie GAPA probe 
(quasi-full-length cDNA pZm57 encoding maize GAPA; see 
Brinkmann et al. 1987) and a specific 3' probe previously used 
to identify the functional Gpal gene (Quigley et al. 1988). Two 
genomic clones hybridizing to the nonspecific but not to the 
specific probe were purified and DNA from CsCl-purified phage 
was isolated and digested with EcoRI. Hybridizing EcoRI frag- 
ments were subcloned into pBR322 and Bluescript (Stratagene). 
Purification of recombinant plasmids was performed as described 
(Maniatis et al. 1982). 

Suitable restriction subfragments ofgenomic EcoRI fragments 
were subcloned into phage Ml3mpl0, mpl 1, mplS, and mpl9 
and sequenced by the dideoxy chain termination method follow- 
ing the protocol supplied by Amersham. 

Southern Hybridizations. Maize DNA (10 #g) was digested to 
completion with 10 U of the respective restriction enzyme, elec- 
trophoresed on 0.8% agarose, and depurinated prior to capillary 
transfer and UV coupling to Hybond N (Amersham) nylon filters 
according to the manufacturer's specifications. Filters were hy- 
bridized for 24 h at 65~ in 35 ml of3x SSPE, 0.1% SDS, 0.2% 
PVP, and 0.2% Ficoll containing 50 ug/ml denatured salmon 
sperm DNA and 50 ng of a 185-bp Tth3II fragment of cDNA 
pZm57 (Brinkmann et al. 1987) spanning codons 243-303 in 
exon IV of the maize Gpal gene (see Fig. 3) and random-prime 
labeled to a specific activity of 5 x l0 s cpm/ug. Filters were 
washed twice for 20 min in 2• SSPE, 0.1% SDS at 65~ and 
were exposed for 72 h at -70~ 

GAPDH Nomenclature. The nomenclature of the plant 
GAPDH system has been defined as follows to account for the 
complexity of the system and to comply with the international 
nomenclature of maize genetics (see also Martinez et al. 1989): 
Gene products (mRNAs, cDNAs, proteins) encoding or corre- 
sponding to subunits A and B of chloroplast GAPDH and subunit 
C ofcytosolic GAPDH are specified as GAPA, GAPB, and GAPC 
RNAs or proteins, respectively, and products from different 
members of the same gene family are numbered consecutively, 
e.g., GAPAI, GAPA2 . . . .  GAPBI, GAPB2 . . . .  GAPCI, 
GAPC2 . . . .  The corresponding genes (gene families) are desig- 
nated: Gpal, Gpa2 . . . .  Gpbl, Gpb2 . . . .  Gpcl, Gpc2 . . . .  re- 
spectively. Pseudogenes are termed ~kGpal Okl), ~kGpa2 (~2), etc. 

Materials and Methods 

Plant Material. The maize plants used for preparation of DNA 
(genomic library and genomic Southern blots) originated from a 
genetic stock of P.A. Peterson (Ames, IA) and were grown in 
Cologne under the accession number 906. 

Construction of Genomic Clones. Genomic DNA for cloning 
and Southern blots was prepared as described (Schwarz-Sommer 
et al. 1984). For genomic cloning, maize DNA (180 ~g) was 
digested partially with Mbol (New England Biolabs) and size 
fractionated on 0.7% agarose. The 17- to 24-kb fraction was 
electroeluted and purified by chromatography on Whatman DE 
52. Lambda EMBL4 vector arms were prepared by digestion with 
BamHI and Sail (Frischauf et al. 1983) and subsequent centrif- 
ugation through potassium acetate gradients (Maniatis et al. 1982). 
MboI partials (1 ~g) were ligated for 12 h at 16~ to 1.5 ug of 
EMBL4 vector arms in a volume of 10 #1 containing 0.005 U/#I 
T4 DNA ligase (Boehringer). The ligation mixture was heated at 

Computer Analysis. Sequence data were processed on a Mul- 
tics computer (CICG Grenoble) by using the program developed 
by Greaves and Ware (University of Bristol, England, unpub- 
lished) and on a CII-Honeywell-Bull DPS8 computer of the com- 
puter service center CITI2 at Paris by using the program BISANCE. 

Results and Discussion 

The Noncoding Sequences Surrounding the 
Functional  Gpal  Gene Are G+ C Poor 

We have  charac te r ized  the f u n c t i o n a l  Gpa 1 gene a n d  
shor t  s t retches o f  its u p s t r e a m  a n d  d o w n s t r e a m  
f lanking  sequences  p r ev ious ly  (Quigley et al. 1988). 
Th i s  sequence  (a l together  4060  base s ) r ep re sen t s  the 
5' par t  o f  a 6 .4 -kb  g e n o m i c  EcoRI  f ragment .  The  
mis s ing  3'  par t  (2.3 kb) o f  this  g e n o m i c  f r agmen t  
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Fig. i. CpG prolile o f  the iiJncliolml maize GIm/  gene and ils i lankiug sequences.  Each verlical line represcnts  the n u m b e r  o f  Cp(.} 
doublets  pm 25 bases, I h e  gcne structure is ,,,ho\~ n below the pmlile.  Exons are indicated by lmxes and roman  numera ls ,  in t rons  and  
l]anking sequen~:es, by c o m i n u o u s  lines. Ovcrull G ' C  values for the gen t  and its ups l ream and duwns t r cam flanking sequences  are 
indicated above lhe plolile. The  precise values in percentages for G , C. ( ' pG  observed,  and ("p(i expecled are: codons.  67/12.4;11.  t: 
p romote r  (comprising 31)0 bases ups t ream AIIG),  60/11.3/8.9;  introns,  53/7.4/6,9;  5' and 3' l lankmg sequences (4.3 kb), 42/2.9/4.3.  

now has been sequenced. The  C p G  prolile o f  the 
enlirc 6.4-kb region is shown in Fig. I. It can be 
seen clearly that the Gpal coding sequences (67% 
G-FC, 12.4% CpG,  11.1% CpG expected) and the 
region surrounding the p romo te r  (390 bases up- 
s tream AtJG:  60% G.--C. 11.3% CpG,  8.q% CpG 
expected) arc rich in G i C .  and ( ' p G s  are overre-  
presented slightly, lntrons (53% G + ( ' ,  7.4% CpG,  
6.9% CpG expccted) and especially the 5' and 3' 
l |anking sequences (:altogether 4.3 kb: 42% G-FC, 
2.9% CpG, 4.3% CpG expected) arc poor  in G + C ,  
and CpGs  in tlanking sequences are underrepre-  
sented somewhat .  l ' hc  average G +(" content  in the 
maize gcnome has been reporled to be 48% (Salinas 
et al. 1988). Hence,  our  sequence data do not sup- 
port the view that 1he functional Gpal gene f rom 
maize  is embedded  into a (7]-I-(.'-rich isochore (Sa- 
[inas ct al. 1988). l h e y  ralhcr suggesi thal the G + C  
enr ichment  is a local p h e n o m e n o n  main ta ined  in- 
dependent ly  o f  the long-range G + ( '  tlucTuations in 
t h e  ITIOnOCOt g o n o l l l C .  

We suggested previously (Quigley el al. 1988) thal 
the G + C  enr ichment  in the functional (;'pal gone 
([rig. 1) may be explained in terms of  a combined  
effcct o f  two separate functional constraints,  exerted 
at both the translational and transcriplional level, 
respectively, leading to preferential use (fiG.+ C-rich 
codons in addi/ ion to CpG clusterirlg in lhc 5' part  
o f  the gene. Alternatively,  it may  be argued that the 
whole G + C - r i c h  ,'egion in Fig. I is a typical C p G  
island (see Bird 1987; Antequcra and Bird 1988), 
and since the gone is small, il fits inside. In this case, 
G ~C and CpG cluslering would be lhe cause and 
codcm hias t h e  conse(_lUt~llce. Our  recent compar i son  
(Mart inez el al. 1989) of  several maize  genes car- 
tying ( ' p G  islands of  variable sizes indicales that 
this latter interprelat ion is probably  correct. This  
anal vsis showed that the G-u (  ' prefbrence at the 

third base position o f c o d o n s  in a given maize gene 
is high inside and Io~  outsidc lhe ( ' p G  island, sug- 
gesting thai the av#ras codon bias of  maize  genes 
is de te rmined  by the re~alive size and (i  + C  content  
of  the associated C'pG island rather than by con- 
straints at the translational level (for details see Mar-  
linez et al, 1989). This explanat ion implies that  the 
lower G 4 C content  in introns relative to exons ob- 
ser\ ed [br the (71)a 1 gone (see above) and other G-+ C- 
rich maize  genes (.e.g., the wax3,' locus gene: 3.7 kb 
with 13 introns: see KI/.;sgen el al. 1986: Salinas et 
al. 1988; Martinez et al. 1989) is controlled by m- 
Iron-specific constraints,  possibly al tl~e level of  
m RNA splicing. 

Chlm,:~plast GAP.t ls Encoded b), a Small 
Multigcnc' l"umil)' in .llaizc 

The n u m b e r  of  genes and pseudogenes encoding gly- 
colytic G A P D H  in verlebrales varies belween a sin- 
gle copy in chicken (Slone el al. 1985). 10-30 copies 
in lauman, hare, guinea pig. and hamster ,  and over  
200 copies in mouse  and rat (l-tanauer and Mandel  
1984: P i cchaczyck  ct al. 1984). For  cy toso l i c  
G A P D I  I o f  higher plants (GAPC) a single copy gene 
has been reported tbr barley (Chojecki 1986) and 
fbr maize three functional copies have been found 
that are regulated differentially under  anaerobic  con- 
ditions (Marl inez et al. t989; Russell and Sachs 
1989). 

"lo enmnera te  the genes a n d  pseudogenes encod- 
ing chloroplast  G A P A  in maize,  we probed South- 
ern blots of  maiJe  D N A  digested with EcoRl.  
Bamt l I ,  and Hind l l l  (Fig. 2) with a 185-bp "l"th3ll- 
['ragmcnt of  e D N A  clone pZm57 (Br inkmann el al. 
1987) spanning codons 243-303 in exon IV o f  the 
maize Gpal gene (see Fig. 3). Figure 2 shows that 
~here are two or three strongly hybridizing bands 
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tixe (;pal gene(Quig lcy  el al. 1988) were purilied. 
I )NA was isolated lu each of  lhese phage and 
digested with EcoRl reslriction endonuclease.  Elec- 
t rophoresis  o f  the restriction fl 'agmenls revealed dilL 
f'ercn! pat terns of ' the two clones suggesling Ihat the)  
represent diflL'rent genomic  regions. The  fragments  
were IranslLwred to nitrocelh.,lose filters and hybrid-  
ized with Ihe same probe as used ibr screening tile 
library. One clone contained a single hybridizing 
fragment  o f  5.9 kb carrying pseudogene V, Gpal (~ 1), 
while the other  contained two hybridizing EcoRl 
f ragments  of  5 kb and 3.8 kb carrying tile 5' part  
(upst ream codon ..... 26, see Fig. 3) and 3' part  of  
pseudogene ~,Gpa2 ('42) respectively. Tile three flag- 
ments  were subcloned into pBR322 (~,,1 and 3' part 
o f ~ 2 )  and Bluescript {5' part  o f  ~,2) and submi t ted  
to sequence analysis (see Materials  and Methods).  

Fi~. 2. ('ounlingof(;p~zgcncs m maiTc by Southern blotting. 
Aliquol.s of 15 ~g of genornic I)NA w~:rc digested with EcoRl 
(lane I). BantHl (lane 2), and ltindIll (lane 3). The liagmenls 
were separated by cleclrophoresis on a 0.8% agmose gel and 
blotted onto a nylon membr, me. The filter was probed with a 
radioaclivc el)N.,\ fi.'tgmenl :rod washed at high slringcncy as 
described in Malerials and MeHlods. Autoradiograph,, was I\~r 4 
days at - 70=C with intcnsil~ing screen. Positions of molecular 
~eight markers are indicated. 

for all three digests. As m a n y  as 10 weakly or very 
weakly hybridizing Ii"agments can be dist inguished 
on the original au torad iogram for B a m H l  digests 
(see Fig. 2). Wc conclude fl'om this thal lhere may 
be at most  two or three act ive (;po genes in maize,  
~hcreas  the m~0ority o f w c a k l )  hybridizing bands 
may represent more  or less diverged pseudogenes 
(see below). 

Isolation and Sequencing ~!1" 7"we Gpa 
Pseudogcnes.li~ml Jlaize 

Approximate ly  10 ~' recombinant  phage l iom a maiTe 
generate library were screened wifl~ a nick-translat-  
ed cf)N A probe encoding chloroplast  G A P D H  from 
maize (clone pZm57:  sec Br inkmann el al. 1987). 
Two posit ive plaques that did not hybridize to the 
specific 3' probe previously used ~o idenlil~, the ac- 

PseudrL~,,em's 1 and 2 Do Not Em:'ode 
Fmwtiona/ Proteins 

In Fig. 3, pseudogencs I and 2 (~l  and ~t.2) are 
aligned with the functional (;pal gone previously 
published (Quigley el 21. 1988). Though highly ho- 
mologous  to the Gpol gene, r and ~2 clearly rep- 
resent pset, dogenes 1hat do not encode functional 
proteins.  In ~tl, a 9-bp deletion in exon 1II (codons 
106-109) together with an 8-bp insertion in exon 
IV (after codon 319; see Fig. 3) destroy the proper  
function of  the mature  protein. Interestingly, lhe 
8-bp insertion in 4 l  is typical o f a  Ibotpr int  o f  the 
t ransposable  Ac/Ds  system in maize  (Saedler and 
Nevers  1985). hi `42, a stop codoll at triplet position 
128 el iminates  the entire catalytic domain  (residues 
148-333; see Biesecker et al. 1977) o f  any puta t ive  
translation product  emana t ing  fl'oin }2.  

Sequence Divo'g(,nce in htlrotts of  :llaize 
Gpa Gc-m'.~ I:'o/km;s a Gradt(',t 

The al ignment  os Fig. 3 reveals a high degree of  
sequet'tc(" conser\-atioll in the p romote r  regions of  

l and 4~2. The T A T A  box is conserved completely.  
The p resumpt ive  C A T T  box region, compr is ing  the 
13-mcr ('A(;("C..~TI-CGT('G in the fhnctional (ipa 1 
gene (Quigley et 31. 1988) is conserved to a large 
extent in ~ l  and ~2. which clearly supllorls its func- 
tional significance. Interestingly, this 13-met  also is 
conserved in the p r o m o l c r  Of the chicken G A P I ) H  
gene where it shows I 1 matches  (Stone et 31. 1985). 
Pseudogenes I and 2 share an extensive deletion 
upstreanl of  the f ' A T A  box, which was probably  
present in the c o m m o n  progenitor,  a functional (]pa 
gene (Gpa', see below). Hence,  this region may  not 
be essential for transcriptional  regulation. The three 
genes show no significant sequence similari ty up- 
slream o f  the ( ' ,&TT b o x  region (see Fig. 3). 
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Fig. 3. Sequence alignmenls olpscudogcnes 1 and 2 (lines 2 and 3) wilh the functional (;pal gene (line t). Insertions and deletions 
were inlrodLiCcd ill lhe promoler regions and introns lo maximize homology. Identical mulations in coding sequences of pseudogenes 
I and 2 (shared dill'erences) are boxed, and boxes for replacement substitutions are subdivided. The deduced amino acid sequence of 
lhe functional Gpal gene and corresponding substitutions ill pseudogenes 1 and 2 (shown in parentheses) are aligned above the 
nucleotide sequences. Codons are numbered according to the standard numerical order. CATT and "I'A-FA boxes (**,***). beginning 
of exons and introns, and positions of mutations disrupting the proteins are marked with bold letters above the sequences. 

A c o m p a r i s o n  o f  the  three  in t ron  sequences  in 
Fig. 3 revea l s  a g r a d i e n t  o f ' d i v e r g e n c e :  the  m o r e  3' 
the p o s i t i o n  o f  an in t ron ,  the  m o r e  its s equence  has  
d i v e r g e d  be tween  the three  Gpa genes.  As  s h o w n  in 
'Fable  IA,  this  g r a d i e n l  is o b s e r v e d  for all three  
pa i rwi se  c o m p a r i s o n s  and ,  in a d d i t i o n ,  has  a s i m i l a r  
s t eepness  in each case: ~,. I/Gpa 1 (I 8.6, 29.9,  52.9%).  
~t2/Gpal (21.2,  34.4,  54.7%1. a n d  4el/~.2 (4.3, 6.7, 
9.9%). The re tb r e ,  this  pa t t e rn  has  been  g e n e r a l e d  
i n d e p e n d e n t l y  in d i f l e ren l  genes,  suggest ing t ha t  it 
m a y  be due  lo  a basic ,  as yet u n k n o w n ,  m e c h a n i s m  
r a the r  than  to  co inc idence .  T h i s  5' �9 3' s equence  
d i v e r g e n c e  p o l a r i t y  in Gpa m t r o n s  m a y  be ex-  
p la ined ,  if  one  acccp l s  tha l  r eve r se  t r a n s c r i p t i o n  and  
h o m o l o g o u s  r e c o m b i n a t i o n  (gene c o n v e r s i o n )  occu r  
in h igher  p l an t s  (fbr p roces sed  p s e u d o g e n e s  and  re- 
t r o p o s o n s  in p l an l s  see D r o u t h  and  D o v e r  1987: 
Voy ta s  and  Ausube l  1988; G r a n d b a s t i e n  et al. 1989). 

R e v e r s e  t r a n s c r i p t i o n  a lways  s ta r t s  at  the  Y end a n d  

ra re ly  ex t ends  c o m p l e t e l y  to the  5' end  o f  the R N A ,  
( ' o n s e q u e n t l y .  r epe t i t i ve  r eve r se  n ' a n s c r i p l i o n s  o f  a 
p r e - m R N A  (b l lowed  by  h o m o l o g o u s  r e c o m b i n a t i o n  
(gone c o n v e r s i o n )  rnay be e x p e c t e d  to gene ra t e  the 
o b s e r v e d  pa t l e rn :  the  m o r e  Y the p o s i t i o n  o f  an 
in l ron ,  the  m o r e  e r rors  f rom i eve r se  t r a n s c r i p t i o n  
cou]d acc t l i l lu la le ,  whe reas  mos t  e r ro r s  in c x o n s  
wou ld  bc e l i m i n a t e d  by se lec t ion .  T h e r e  a re  severa l  
i n t e r r u p t e d  o l igo(A)  l r ac l s  d o w n s t r e a m  o f  the  s top  
c o d o n  o f  4;l (not  shown  in Fig. 3) tha t  m a y  o r  m a y  
not c o r r e s p o n d  to r e m n a n t s  o f p o I y ( A )  tai ls  o f  f o rmer  
R N A  in te rmedia tes :  A4CA4, A4TA~, A T ( ; T A s T A C A A  
at p o s i t i o n s  + 176, +202, and +313, r e spec t ive ly .  
P s e u d o g c n e  2 has  an i n l e r r u p t e d  o l igo(T)  t r ac t  
( T 4 C T T C T T C C T T A C G T ( , )  a t  p o s i t i o n  -F 150 slarl- 
ing 13 bases downstream of a conventional poly- 
adenylation signal  A A T A A A  (no t  s h o w n  in Fig. 3). 

T h e  p resen t  o b s e r v a t i o n  m a y  be r e l a l ed  to  ou r  
p r c v i o u s  t ind ing  ( M a r l i n e z  et al. 1989) tha t  lhe  



Table !. Sequence compar i sons  between lhe funclional  Gpal 
gene and two related pseudogenes  (~}1 and  g,2) 

A) Noncod ing  sequences  (promoter  .a- in(Fens): dilli:rences in %" 

All illlrolls 

Pro- lnlroll ln t ron  h i l t on  ()b- ( ' o f  
m e t e r  t 2 3 ser~.ed rected 

g'l/G'pal 11.5 18.b 2~L9 52.9 31.6 43 
g.2.'Gpa t 14.6 21.2 34.4 54.7 34.9 47 
~1..",~,2 ] 2.2 4.3 6.7 9.9 (~.(~ 8 

t3) Coding sequences:  shared diili.,rences in ~ l and ,t.r..', 

31 nucleotide stlbstituliolls 

Replacenumt  Silenl 

~,1, 2"G'pal 8 15 l;'---C) 23 (19 ( i ,  ( ' )  

C) (?oding sequences:  umquc  ditlercnces in r 1 and  ~,2 

% total 
74 nur subs t i tu t ions  

_ change 
Replacement  Silent ( 1218 sites) 

r I 1 (8 A ~ F} 7 (5 .&-i T) 1.5% 
~2/Gpa' 34 129 A-r-T) 22 (2(1A-,-T) 4.6% 

[:ach inserti~m and deletion ~ a s  scored as a single nlulal ional  
CVcII| independenl  o f  size 

p lacement  of  introns in the maize gene encoding 
cylosolic G A P D H  (subunil ( IAPC,  gone (ipcl) rel- 
ative to the chicken gene tbllows a gradient: the more  
3' their posilion, lhe more  strongly (;pcl introns arc 
displaced relative to the chicken introns, It seems 
l)ossible, lhcrefore, thal the two observat ions ,  se- 
quence gradient and placement  polari ty of  inlrons,  
represent lhe short-  and long-t ime etJ'ecls, respec- 
tively, o f  the same genetic mechan i sm [that is, the 
homologous  r ccombmat ion  of  genes with their  re- 
verse-transcribed (modil ied) m R N A  precursors (see 
Martinez et al. 1989)]. 

The average values of  in(Fen sequence diver-  
gence, corrected [br mutl iple  m ulations al the same 
site (Jukes and Cantor  1969), clearly suggest (hal 
the two pseudogenes (8% difference) are more  re- 
lated to each other lhan either is to the functional 
Gpal gene (43% and 47% ditDrence fbr ~1 and ~2, 
respectively; see Table  I A). This suggests that  the 
evolution of  4~1 and ~}2 involved at least two con- 
secutive duplicat ion events  as depicted by the evo-  
lutionary scheme in Fig. 4. 

1"he Pro,~,enilor ql'r 1 am/~.2 Was a Second 
Fum'tional Gpa Gcllc (Gpa') with 
a~t .,loot/crated ]Zvoh.tti(maO' Rate 

Within the coding region, ~t.1 and ~b2 share 31 nu- 
eleotide substi tul ions in identical posi t ions relative 
to the funclional Gpal gene (boxed nucleotides in 

4 t7 

Fig, 4. Evolut ion o f  (il~ pseudogenes  r and ~2, The  uec  is 
i)a~,cd on the itllrotl sequence diit 'crcnces liir lhe lhree pair~-ise 
compar i sons  ~t l,"Gpal, r 1. and r 1/,$2 as shown in "Fable 
1A and explained in the leXl. Es t imat ions  o f  dates for dul)l ications 
and nonfuncl ional izai iol ls  o f  genes are based on lne assul l lpt ion 
ill;it trillOils aiid pseudogenes  evolve at abe(it lhe same  rate alld 
lhal (/pa pscudogenes  l'rom nlaizc change about I~w~ t imes  faster 
than the a \ e ragc  animal  pseudt~gene (4.195 • 10 "" see lexl and 
Li el al. 1985). (/pa' and <;[)a" arc successive var iants  e r a  second 
ftlllCliollal (;prl gene aclive ill tilt? pasl (see text). 

Fig. 3: see Table 1B). In addil ion,  Ihere are two 
single codon insertions at identical posi t ions (how- 
ever, ditli~rent in sequence) in tile region encoding 
tile transil pel3lide in ~1 and ~2 (positions - -41A 
and --SA: see Fig. 3). Thcsc shared diflierences reflect 
the con~.n',on history of  r and ~.2 (see Fig, 4). The  
last c o m m o n  progenitor  can be reconstructed wilhin 
the coding region by substi tul ing boxed nucleolides 
lbr Iheir homologues  in the (/pal sequence and by 
inserting codons - -41A and --. 8A of  }1. the least 
diverged of  the lwo pseudogenes (see below). From 
the paltern o fsubs l i tu t iona l  events  lhal occurred in 
this co ,n inon progeni tor  encoding Gpa' (see Fig. 4) 
we can conclude lhat it was a lmost  certainly an ac- 
live gene. Evidence for this is tbund along several 
lines. A high degree of  functional constraint  lbr the 
protein product encoded by the pseudogene pro- 
genitor is indicated by the p redominance  of  23 silent 
over  8 rep lacement  subst i tut ions relative lo (;pal 
(Table IB). For both silent and replacemenl  substi-  
tutions, the strong preference ti3r high G-4-C content  
characterist ic of  the active (;pal gene (see Fig. 1) is 
clearly present in the pscudogcnc progenilor ,  reflect- 
ing cont inued selective pressure at the level o f  syn- 
o n y m o u s  substitutions.  Both insertions in the tran- 
sit peptide relalivc to (~pal ( - 4 1 A  and - S A )  
mainta in  the reading frame, and essential nuclco- 
tides at splicing junct ions  have been conserved.  Fur- 
thermore,  none o f l h e  events  that have , 'cndered ~,1 
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and ~b2 incapable of proper function (deletion, in- 
sertion, and internal stop codon; see above) is com- 
mon to either pseudogene, strongly suggesting that 
they became nonfunctional independently subse- 
quent to duplication of their functional progenitor 
encoding Gpa' (see Fig. 4). 

As shown in Figs. 3 and 4, Gpal and Gpa' ac- 
cumulated seven replacement substitutions within 
the mature subunit (337 codons) during an esti- 
mated period of 20 million years (Myr) (see below). 
Alignment of  the maize GAPA' amino acid se- 
quence with all other GAPA and GAPB sequences 
known to the present day (pea, tobacco, mustard, 
maize; not shown, see Brinkmann et al. 1989) shows 
that three out of  the seven replacement mutations 
occurred in sites (lys 58 -* glu, ile 89 --. val, lys 248 
-~ arg; see Fig. 3) occupied by identical amino acids 
in all other GAPA and GAPB sequences (including 
maize GAPA also is different (see Brinkmann et al. 
sites (codons 25, 215, and 268; see Fig. 3) where 
maize GAPA is different also (see Brinkmann et al. 
1989). This indicates that at least five (three plus 
two) of the seven replacement substitutions oc- 
curred in Gpa' and only two in Gpal. Hence, Gpa' 
changed at least two to three times faster than its 
counterpart Gpal during the period between the first 
and second gene duplication. 

The GAPA'-specific changes lysine 248 ~ argi- 
nine and lysine 58 -~ glutamic acid are particularly 
interesting because they indicate that GAPA' was 
probably a defective enzyme. This may be conclud- 
ed because lysine 248 is conserved strictly in the 
GAPDH polypeptides of  all organisms except in 
that of the extreme thermophile Thermus aquaticus, 
where it is replaced by arginine as in GAPA'. Lysine 
58 is conserved in most GAPDH sequences and has 
been replaced by glutamic acid only in the E. coli 
enzyme (for sequence comparisons see Martin and 
Cerff 1986). 

Acceleration of evolutionary rate following gene 
duplication has been reported previously for the 
/3-globin gene family of goat (/3 A, tic, 3') by Li and 
Gojobori (1983) and for the duplicate genes DC3 
and DC4 encoding cytochrome c in Drosophila mel- 
anogaster by Wu et al. (1986). In the latter case it 
has been shown that DC3 evolves about three times 
faster than DC4 and, in addition, that DC3 is ex- 
pressed only weakly compared to DC4 (see Limbach 
and Wu 1985). This indicates that the cause of  rate 
acceleration of DC3 is relaxation of selective con- 
straints rather than advantageous mutations (see Wu 
et al. 1986). The present findings, showing that genes 
with an accelerated evolutionary rate may be de- 
fective and eventually become pseudogenes, support 
this neutralist view. It also may be speculated that 
in the past Gpa' and Gpa" were, and, in the present, 
Gpa" (see below) possibly still is expressed only 

weakly in maize plants. However, if this is true, our 
original hypothesis that a high G + C  content and 
strong gene expression are correlated (see above and 
Brinkmann et al. 1987) probably would need to be 
modified. It may be, for instance, that once a CpG 
island of a strongly expressed gene is saturated in 
G+C,  it would maintain this status after duplication 
also under conditions of low expression, unless the 
gene is completely nonfunctionalized (see below). 

Estimation of Rates and Nonfunctionalization 
Dates of Gpa Pseudogenes 
Substitutions unique to ~pl and ~b2 relative to Gpa' 
(see alignment in Fig. 3) reflect the course of inde- 
pendent evolution of the two pseudogenes after du- 
plication of the Gpa' progenitor (second duplication 
in Fig. 4). As shown in Table 1C, the majority of 
these 74 unique differences are replacement substi- 
tutions consisting mainly of  A+T.  This indicates 
that most of these mutational events occurred after 
nonfunctionalization of  the two pseudogenes in the 
absence of  selective pressure on replacement sites 
as well as in the absence of GC pressure on codon 
usage. Pseudogenes 1 and 2 show 1.5% and 4.6% 
total sequence divergence relative to the Gpa' pro- 
genitor (see Table 1C). Hence, the ~b2 coding se- 
quences accumulated about half as many mutations 
(4.6%) as the intron sequences in both pseudogenes 
since their separation (about 8%; see Table 1A). 
Assuming that pseudogenes and introns diverge at 
about the same rate (Li et al. 1985), this would mean 
that ~b2 was inactivated during or shortly after the 
second duplication, while ffl became nonfunctional 
more recently, possibly after a third duplication of 
the Gpa" gene (see Fig. 4) leading to ffl and a Gpa" 
gene still functional in present-day maize plants. 
The dates of  nonfunctionalization (see Fig. 4) are 
difficult to assess because the evolutionary rates of 
plant nuclear pseudogenes are unknown (Wolfe et 
al. 1987). However, if one assumes that Gpa pseu- 
dogenes from maize, because &thei r  high degree of  
methylation (see below and Table 2), change about 
two times faster than the average animal pseudogene 
(4.85 • 10 -9 per base and year; see Li et al. 1985), 
the present percentage values would transform into 
1.5 Myr for inactivation off f l ,  4.6 Myr for inacti- 
vation of if2 and the second duplication, and about 
25 Myr for the first duplication. 

Apparent Methylation of Gpa Pseudogenes in 
Symmetrical Sites CpG and CpXpG 

A close inspection of the unique base substitutions 
in ~kl and ~p2 shows that 48 of the 74 unique changes 
occur in CpG and CpXpG (positions 1 and 3) meth- 
ylation sites and are mainly C -~ T and G ~ A 
transitions (for which there are 19 and 20 respec- 



Table 2. Unique differences in pseudogenes 1 and 2 (~1+2) are 
mainly C ~ T and G ~ A transitions occurring predominantly 
in CpG and CpXpG methylation sites 

Changes in Number and type 
of changes Non- 
(Gpa' ~ ~pl+2) CpG a CpXpG ~ CpG/CpXpG 

26 C ~ T 12.5 6.5 7 [4 in CpC] 
6 C ~ A  1 1 4 
4 C ~ G  1 I 2 

25 G ~ A 16 4 5 [5 in GpG] 
5 G ~ T  3 0 2 
4 G ~ C  2 0 2 

2 T ~ C  0 0 2 
1 T ~ G  0 0 1 
1 A - G  0 0 1 

Total changes: 74 35.5 12.5 26 
Total sites': 1218 290 178 750 
% changes: 6.1 12.2 7 3.5 
Rate factorsb: 2.3 4.5 2.6 1.3 

"Overlapping sites, positions 1 and 3 in triplets CpGpG and 
CpCpG, respectively, and mutations therein were scored 0.5 
for either CpG and CpXpG 

b The rate factors represent the total mutation rates in units "nor- 
mal mutation rate" (percent changes in each column divided 
by 2.7% "normal" change, independent ofmethylation; see text) 
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quence has 67% G+C,  one-third of  all normal G/C 
A/T changes would be expected to be A/T --, G/C 

substitutions instead of  only the one-sixth observed. 
This raises the intriguing question of  whether there 
is a methylation-independent AT mutation pressure 
present in the maize nuclear genome possibly in- 
volving a biased DNA polymerase or DNA repair 
system (see Sueoka 1988). Because the total G + C  
content of  the maize genome is 48% (Salinas et al. 
1988), this mutation pressure would not reflect a 
general mechanism but would have to be specific 
for G+C-r ich  (nonfunctional) sequences. 

Based on the above calculations there are 33 
"normal"  substitutions (15 C ~ G/A/T,  14 G -. 
C/A/T, 3 T -~ C/G, and 1 A ~ G changes; see above 
and Table 2, column 1) in 1218 sites of~bl and ~b2, 
corresponding to 2.7% methylation-independent 
changes. Hence, the methylation-dependent turn- 
over of  CpG (12.2% change) and CpXpG (7% 
change) would be 4.5- and 2.6-fold higher, respec- 
tively, than the background mutation rate (see rate 
factors in Table 2). 

Conclus ions  

tively; see Table 2, columns 2 and 3). This leaves 
little doubt that the present pseudogenes are meth- 
ylated at symmetrical sites of  CpG and CpXpG 
(Gruenbaum et al. 1981; Antequera and Bird 1988) 
and that the deamination of  5-methylcytosine to 
thymine in these sites on both DNA strands is the 
major cause of  the selective loss of  G + C in ~bl and 
~b2. As shown in Table 2, 12.2% and 7.0% of  the 
potential methylation sites in CpGs and CpXpGs, 
respectively, have been turned over compared to 
only a 3.5% total change in the rest of  the sequence. 
Interestingly, C -. T and G ~ A transitions also are 
overrepresented outside CpGs and CpXpGs, and 9 
out of  the total 12 transitions occurred in CpC or 
GpG doublets, respectively (see Table 2, column 4). 
This may be due to partial methylation of  CpC dou- 
blets on both DNA strands, resulting in a methyl- 
ation pattern that is neither symmetrical nor inher- 
itable. 

Although deamination of  5-methylcytosine seems 
to be the major driving force for the preferential 
elimination o f G  + C in Gpa pseudogenes, it may not 
be the only cause. As shown in Table 2 (column 1), 
there are 10 C --, A /G and 9 G ~ T/C substitutions, 
suggesting that 5 C -. T and 4 or 5 G -. A transitions 
may be "normal"  mutations not due to 5-methyl- 
cytosine deamination, assuming that all six "nor- 
mal" C/G substitutions are random. This means 
that there are 20 "normal"  G/C ~ A/T  substitutions 
compared to only 4 A/T ~ G/C substitutions (see 
Table 2, column 1). Because the Gpa' coding se- 

The present work demonstrates that the high G + C  
content of  the maize Gpal gene is maintained in- 
dependently of the surrounding noncoding se- 
quences, which are G + C  poor (Fig. 1), and only as 
long as the gene encodes a functional protein. This 
suggests that the maize Gpal gene is under strong 
functional GC pressure leading to a local G + C  en- 
richment (CpG island; see also Martinez et al. 1989) 
that is independent of  the long-range G + C  fluctua- 
tions reported for monocot genomes (Salinas et al. 
1988). 

After nonfunct ional izat ion,  Gpa pseudogenes 
rapidly loose G + C  mainly due to enhanced 5 mC- 
mutability in CpG and CpXpG methylation sites. 
The corresponding turnover rates are about five 
times (CpGs) and three times (CpXpGs) faster than 
the background mutation rate. Hence, Gpa pseu- 
dogenes are methylated, and methylation was either 
the cause or the immediate consequence of  their 
nonfunctionalization. In either case, cytosine meth- 
ylation would have a permanent silencing effect on 
gene transcription (for review see Cedar 1988) and, 
in addition, would be an efficient means to homog- 
enize compositional discontinuities in nontran- 
scribed DNA regions. 

Pseudogene-specific CpG erosion by mutability 
of 5-methylcytosine also occurs in vertebrates, as 
shown for the human a-globin pseudogene (Bird et 
al. 1987). This raises the intriguing question of how 
the regulation apparatus of  the nuclear genome from 
vertebrates and higher plants distinguishes between 
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G + C - r i c h  pseudogenes  to be  s i lenced by  cy tos ine  
m e t h y l a t i o n  a n d  the i r  f unc t i ona l  c o u n t e r p a r t s  tha t  
are to be a l lowed to app roach  s a t u r a t i o n  in  G + C  
c o n t e n t  and ,  hence,  C p G  a n d  C p X p G  m e t h y l a t i o n  
sites. 

I n t r o n  sequences  o f  Gpa genes reveal  a g rad ien t  
o f  d ivergence  wi th  a s imi l a r  s teepness  in  the 5' --. 
3' o r i e n t a t i o n  for all three  pa i rwise  gene c o m p a r i -  
sons. T h e  gene ra t ion  o f  this  po la r i ty  m a y  be ex- 
p l a ined  by  a gene c o n v e r s i o n  m o d e l  suggest ing tha t  
there  is h o m o l o g o u s  r e c o m b i n a t i o n  o f  genes wi th  
the i r  r eve r se - t r ansc r ibed  m R N A  precursors .  

A n o t h e r  in t e res t ing  o u t c o m e  f rom this  s tudy  is 
the o b s e r v a t i o n  tha t  the  p rogen i to r  o f  Gpa pseu-  
dogenes  was a second  func t i ona l  Gpa gene (Gpa') 
with  a n  accelera ted e v o l u t i o n a r y  rate. T h e  corre-  
s p o n d i n g  po lypep t ide  G A P A '  has changed  in  three  
a m i n o  acid  pos i t ions  tha t  are c o n s e r v e d  str ict ly in  
all o the r  G A P A  a n d  G A P B  sequences  f rom h igher  
p lants ,  two o f  which  also are conse rved  in  the 
G A P D H  pro te ins  f rom m o s t  o the r  o rgan i sms .  Th i s  
suggests tha t  G A P A ' ,  a l though  act ive  for a long t i m e  
( ~ 2 0  Myr ,  see Fig. 4), has f u n c t i o n e d  less efficiently 
t han  G A P A ,  suppo r t i ng  the neu t ra l i s t  v iew tha t  rate 
acce lera t ion  after  dup l i c a t i on  is m o r e  l ikely to be  
due to re laxa t ion  of  f unc t i ona l  cons t r a in t s  t h a n  to 
a d v a n t a g e o u s  m u t a t i o n s .  
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Note Added in Proof. T h e  p re sen t  s e q u e n c e  da t a  

wil l  a p p e a r  in the  E M B L / G e n B a n k / D D B J  N u c l e o -  

t ide  S e q u e n c e  D a t a b a s e s  u n d e r  the  access ion  n u m -  

bers  X 1 5 4 0 6  (~kGpal, 5022 bp), X 1 5 4 0 7  (~Gpa2, 
8839 bp) a n d  X 1 5 4 0 8  ( func t iona l  gene  Gpal, 6414  

bp). 


