
their scientific use. The cell-free expression 
of genetic information avoids the many limi- 
tations imposed by the cell, so that the 
preparative biosynthesis of a number of 
nonstructured polypeptides, as well as un- 
stable and cytotoxic proteins, becomes pos- 
sible. In particular, this method may provide 
researchers with the intermediates of protein 
folding and modification for their biochemi- 
cal and physical studies. The possibilities of 
protein engineering can be also significantly 

extended. We also anticipate new develop- 
ments in biotechnology based on prepara- 
tive cell-free translation systems of continu- 
ous action. 
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Intron Existence Predated the Divergence of 
Eukaryotes and Prokaryotes 

MING-CHE SHIH,* PETER HEINRICH, HOWARD M. GOODMAN 

Nucleotide sequences for the nuclear genes encoding chloroplast (GapA and GapB) 
and cytosolic (GapC) glyceraldehyde-3-phosphate dehydrogenases (GAPDHs) from 
Avabidopsis thaliana were determined. Comparison of nucleotide sequences indicates 
that the divergence of chloroplast and cytosolic GAPDH genes preceded the diver- 
gence of prokaryotes and eukaryotes. In addition, some intron-exon junctions are 
conserved among GapB, GapC, and chicken GAPDH genes. These results provide 
evidence at the molecular level to support the idea that introns existed before the 
divergence of prokaryotes and eukaryotes. 

T HREE ALTERNATIVE MODELS CAN BE subsequently transferred from the chloro- 
proposed concerning the time of in- plast to the nuclear genome during evolu- 
tron appearance during evolution. tion (7). In addition, our data showed that 

First, introns existed in the progenitor genes the time of divergence between GapAIB and 
but were lost from prokaryotes (I) ,  and cytosolic GAPDH genes (-1700 million 
differential intron loss may occur among years) is much earlier than the divergence 
members of the same gene family of eukai -  
otes (2). Second, introns existed in the 
progenitor genes, but intron insertion or 
deletion may occur later during evolution. 
Third, prokaryotic genes resemble the pro- 
genitor genes, and the addition of introns 
occurred at or after the emergence of eu- 
karyotes (3). Current available evidence is 
more consistent with the first two models 
(2). However, there is no direct evidence as 
to whether introns existed before the diver- 
gence of prokaryotes and eukaryotes, infor- 
mation crucial to distinguishing these mod- 
els. Current data can or& trace-the existence 
of introns up to the divergence of animals 
and plants (4-6). 

We have shown previously that the nucle- 
ar genes (GapA and GapB) encoding chlo- 
roplast glyceraldehyde-3-phosphate dehy- 
drogenase (GAPDH) of higher plants are 
the direct descendants of the symbiont genes 
that gave rise to the chloroplast and were 

between plants and animals (-1000 million 
years). Therefore, comparison of the exon- 
intron junctions between GapA/B and cyto- 
solic GAPDH genes should provide infor- 
mation on the age of the intron. If introns 
existed in the progenitor GAPDH gene, 
conservation between some exon-intron 
junctions of GapA/B and cytosolic GAPDH 
genes would be expected. 

Genomic DNA blot analyses indicate that 
there is one copy each of the GapA, GapB, 
and GapC (cytosolic GAPDH) genes in 
Avabidopsis thaliana (8). The complete nucle- 
otide sequences for these three genes and the 
cDNAs encoded by them have been deter- 
mined (8). When compared to the corre- 
sponding cDNA sequences GapA has three, 
GapB has seven and GapC has eight introns. 
In contrast, there are 11 introns in the 
chicken GAPDH gene (9) .  The introns for 
all three Gap genes are generally very short, 
consistent with observations on other Avabi -  - 
dopsis genes that have been sequenced (10, 
11). 
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(Fig. l ) ,  with the number of nonsynony- 
mous substitutions (12, 13) used as a mea- 
sure of the evolutionary distance, was con- 
structed according to the Neighbor Joining 
method (14). This tree topology is consist- 
ent with our previous tree that took into 
account the evolutionary rates of GAPDH 
and with the biochemical evidence obtained 
from a comparison of the amino acid se- 
quences of the S loop regions among differ- 
ent GAPDHs (7). GAPDHs can be divided 
into two groups: thermophilic, which in- 
cludes two bacteria and chloroplast 
GAPDHs; and mesophilic, which includes 
Eschevichia coli and all cytosolic GAPDHs. 
There is 100% similarity of the S loop 
sequences within the same group, while 
there is less than 50% similaritv between 
the two groups. The tree topology indi- 
cates that the divergence of GapA/B and 
cytosolic GAPDH genes occurred before 
the divergence of prokaryotes and eukary- 
otes. 

GapA GapB E. coli Yeast GapC Animal 

Fig. 1. Evolutionary tree of GAPDH genes. The 
number of nonsynonymous substitutions be- 
tween each painvise combination of GAPDH 
genes was calculated according to the method 
described by Li et al. (13) and used as the measure 
of the evolutionary distance in constructing the 
evolution tree. The tree presented here is con- 
structed by the Neighbor Joining method of 
Saitou and Nei (14). Two additional methods, 
described by Li (21) and Dickerson and Geis (22), 
were used in constructing trees. All three trees 
give identical topology. The E. coli data are from 
Branlant and Branlant (23) and the Avabidopsis 
data are from this manuscript. All other data are 
from Shih et a/ .  (7). 
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To compare the positions of the intron- (9). The intron-exon junctions that are con- 
exon junctions in GAPDH genes, the cod- served at least between two genes are illus- 
ing regions of Avabidoprir GapA, GapB, and trated in Fig. 2. Two introns are conserved 
GapC were aligned with chicken GAPDH among GapB, GapC, and chicken GAPDH 

GapA GCC ATT AAT GGA TTC GGT AGG ATC 
A I N G  F G R I  

GapB GCG ATT AAC GGT TTT GGA AGG ATT 
A I N G  F G R I  

1 
GapC GGA ATC AAC G GA TTC GGA AGA ATT 

G I N G  F G R I  
1 

ChK GGA GTC AAC GG A TTT GGC CGT ATT 
G V N G  F G R I  

GapA GTT GTC TCT AAC CGA AAC CCG TCT 
V V S N R  N P S  

GapB GTT GTC TCC ACC AGA GAC CCT CTT 
V V S N R  D P L  

1 
GapC GTT TTC GGC ATC A GG AAC CCT GAG 

V F G I R  N P D  
1 

ChK ATC TTC CAG GAG CGT GAC CCC AGC 
I F Q E R  D P S  

GGC GTC AAG CAG GCT TCG CAT TTA 
G V K Q A S H L  

1 
GGT GTC AAG AAT GCA TCC CAC TTG 
G V K N A S H L  

1 
ACT ACT GAG TAC ATG ACC TAC ATG 
T T E Y M T Y M  

1 
GAT CTG AAC TAC ATG GTT TAC ATG 
D L N Y M V Y M  

ATC ATC AGC AAT GCA TCT TGC ACT 
1 1 s  N A S C T  

1 
ATT ATT AG C AAT GCA TCT TGC ACC 
1 1 s  N A S C T  

ATT GTC TCC AAC GCT AGC TGC ACC 
1 1 s  N A S C T  

1 
ATT GTC AG C AAT GCA TCG TGC ACC 
I V S  N A S C T  

e A3 & B5 f B6 & C7 
1 

GapA CAG AAA TTC GG T ATC ATC AAG GGT ACC GGT GAC CAG AGG TTG CTA GAC 
Q K F G  I I K G  T G  D Q R L L D  

1 1 
GapB GAA GAA TTT GG A ATT GTC AAG GGG ACC GGA GAC CAA AGG CTT CTA GAT 

E E F G  I V K G  T G  D Q R L L D  
1 

GapC GAC AGA TTT GGA ATT GTT GAG GGT ACT GC T ACT CAG AAG ACT GTT GAT 
D R F G  I V E G  T A  T Q K T V D  

ChK GAC AAC TTT GGC ATT GTG GAG GGT ACA GCC ACA CAG AAG ACG GTG GAG 
D N F G  I V E G  T A  T Q K T V D  

Fig. 2. Conservation of intron-exon junctions among GAPDH genes. The nucleotide sequences of the 
intron-exon junctions that are conserved at least between two genes from GapA, GapB, GapC, and 
chicken GAPDH (9)  are shown. The arrows indicate the positions of the junctions. The nomenclature 
used to identify the introns is as follows: GapA, A1 to A3; GapB, B1 to B7; GapC, C1 to C8; and 
chicken, K1 to K l l .  Four introns-A1 and B1 (located in the 5' untranslated and the transit peptide 
regions, respectively); B7 (located in the COOH-terminal coding region of the B peptide); and K1 
(located in the 5' untranslated leader region)-are not included in the comparisons. (a) Comparison of 
C2 and K2; (b), B2, C3, and K3; (c) C4 and K4; (d) B4 and K6; (e) A3 and B5; and (f) B6 and C7. 
The most similar sequences of the other genes without intron-exon junctions (no arrows) are also 
displayed. 

S~te 1 S~te  2 Fig. 3. Relation between 
I 5 0 100 150  structural domains and 

Structural I I I I intron positions of the 
domains 0 0 O n ~ ~ n  GAPDH NAD' bind- 

C 
ing domain. The second- 

GapA . -  aw structure of the 

Gap5 

GapC 

CHK 

~ b *  binding domain 
of GAPDH is drawn 
based on the x-ray crys- 
tallographic data of lob- 
ster and Bacillus (15-18). 
The a strand, incom- 
plete a strand, p sheet, 
ind antiparallel sheet are 

represented by solid, stippled, white, and hatched bars, respectively. The intron positions are indicated 
by arrows, and the names of the introns that appear in certain positions are underneath that arrow. 

genes: B2 (displaced by one amino acid, 
three nucleotides), C3, and K3 (Fig. 2b); 
and B4 and K6 (Fig. 2d). A third position is 
probably also conserved between B6 and C7  
(Fig. 2f), if one assumes intron displace- 
ment of two amino acids (seven nucleotides) 
is acceptable. These observations can be 
most easily interpreted by proposing that 
these introns existed before the divergence 
of GapNB and cytosolic GAPDH genes, 
that is, before the divergence of prokaryotes 
and eukaryotes, but were subsequently lost 
from some of the current GAPDH gene 
descendants. If true, this would argue 
against the model in which it was proposed 
that prokaryotic genes resemble the progen- 
itor genes and that insertion of introns 
occurred after or at the time eukaryotes 
emerged. More importantly, these results 
provide direct evidence at the molecular 
ievel to indicate that introns did exist in the 
progenitor GAPDH gene. However, while 
being consistent with the first two models 
and differential intron loss. our data cannot 
distinguish whether intron insertions also 
occurred, since the introns conserved be- 
tween GapC and chicken GAPDH (Fig. 2, a 
and c) could have been either inserted in 
GapC and chicken GAPDH gene or deleted 
from GapNB, and the introns conserved 
between GapA and GapB (Fig. 2e) could 
have been either inserted in GapNB or 
deleted from GapC and chicken GAPDH 
gene after the divergence of chloroplast and 
cytosolic GAPDH genes. 

X-ray crystallographic studies have shown 
that GAPDH enzymes possess several struc- 
turally independent domains that are highly 
conserved across great evolutionary distance 
(15-19). Therefore, a comparison of the 
positions of intron-exon and structural do- 
main junctions should provide information 
as to when introns appeared. The GAPDH 
subunit consists of two domains: the first 
domain, residues 1 to 152, is involved in the 
binding of oxidized nicotinamide-adenine 
dinucleotide (NAD+) or oxidized nicotin- 
amide-adenine dinucleotide phosphate 
(NADP') and the second domain, residues 
153 to 337, in catalysis. It is also believed 
that the NAD' binding domain, which has 
two nucleotide binding sites, evolved from 
an early duplication event (15, 19). 

Two striking observations emerge from a 
comparison of the structural domains and 
intron positions within the NAD' binding 
domain (Fig. 3). First, three pairs of introns 
appear in similar positions of NAD' bind- 
ing sites 1 and 2: C1 and A2, in front of the 
first p strand; C2lK2 and B3, between the 
first p strand and first a helix; and C4lK4 
and B4iK6, behind the third P strand. This 
observation provides further support for the 
ancient origin of the GAPDH introns. Since 
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prokaryotic and eukaryotic GAPDHs all 
have the same secondary structure and since 
the evolutionary distance (amino acid se- 
quence similarity) between site 1 and site 2 
of the same GAPDH is much greater than 
the distance between site 1 of prokaryotic 
and eukaryotic GAPDHs, this would indi- 
cate that the duplication that gave rise to the 
two NAD+-binding sites 1 and 2 occurred 
before the divergence of prokaryotes and 
eukaryotes. Hence, the occurrence of in- 
trons in similar positions in the two sites 
implies that these introns existed in the 
progenitor GAPDH gene prior to the diver- 
gence of prokaryotes and eukaryotes, but 
some of these introns were subsequently lost 
from certain GAPDH species du;ing evolu- 
tion. The fact that one site has introns in the 
plant chloroplast (GapB, B4) and animal 
cytosolic (chicken, K6) genes, while its du- 
plicated site has introns in plant (GapC, 01) 
and animal (chicken, K4) cytosolic genes 
gives strong support to this idea. We predict 
that, as more sequencing data are available, 
some GAPDH genes should have introns 
located between residues 20 and 30 in site 1 
corresponding to C5iK5 in site 2 and be- 
tween residues 120 and 125 in site 2 corre- 
sponding to B2/C3/K3 in site 1. Second, the 
introns always appear benveen, but not 
within, the structural domains of the NAD+ 
binding region. This observation is consis- 
tent with the idea, as proposed by Blake 
(20), that introns might playimport& roles 
in bringing together small sequence units 
that encode potentially stabilizing secondaqr 
structures in the evolving protein. 

The relationships between intron posi- 
tions and the catalytic domain, which con- 
sists basically of nine-stranded antiparallel 
sheets and a long helical tail (16), is more 
difficult to interpret. However, based on the 
same lines of reasoning, Stone et al. (19) 
have argued that the chicken introns, K7 to 
K11, should also have existed in the progen- 
itor GAPDH gene. Therefore, among a 
total of 18 intron positions in four GAPDH 
genes, 15 of themshould have existed in the 
progenitor GAPDH gene. Whether the re- 
maining three introns (B6, C6, and C8) are 
the result of deletional or insertional events 
remains to be elucidated. 

In summary, we have provided evidence 
that some GAPDH introns existed before 
the divergence of prokaryotes and eukary- 
otes, consistent with the idea that introns 
played a role in the assembly of the progeni- 
tor GAPDH gene. In addition, a compari- 
son of the intron positions with the structur- 
al domains of GAPDH indicates that the 
majority, if not all, of the introns that exist 
in the four GAPDH genes whose sequences 
are known should have existed in the pro- 
genitor GAPDH gene. 
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HIV-Infected Cells Are Killed by rCD4-Ricin A Chain 

The gp120 envelope glycoprotein of the human immunodeficiency virus (HIV), which 
is expressed on the surface of many HIV-infected cells, binds to the cell surface 
molecule CD4. Soluble derivatives of recombinant CD4 (rCD4) that bind gp120 with 
high affiity are attractive vehicles for targeting a cytotoxic reagent to HIV-infected 
cells. Soluble rCD4 was conjugated to the active subunit of the toxin ricin. This 
conjugate killed HIV-infected H9 cells but was 111000 as toxic to uninfected H9 cells 
(which do not express gp120) and was not toxic to Daudi cells (which express major 
histocompatibility class I1 antigens, the putative natural Ligand for cell surface CD4). 
Specific killing of infected cells can be blocked by rgpl20, rCD4, or a monoclonal 
antibody to the gp120 binding site on CD4. 

M OST INDIVIDUALS INFECTED 

with the human immunodeficien- 
cy virus (HIV) develop acquired 

immunodeficiency syndrome (AIDS) (I) ,  
which is characterized by the progressive 
depletion of T cells expressing CD4, the 
cellular receptor for HIV (2). A potential 
approach for preventing or delaying the 
onset of AIDS is to eliminate cells produc- 
ing viral proteins early in the course of the 
disease. This may prevent the spread of 
infection and the release of viral proteins 
that may participate in the pathogenesis of 
the disease (3).  HIV-infected cells could be 

infected cells, shows extensive variability 
among different strains of HIV, its CD4 
binding site is highly conserved (6). 

Conjugates of toxins and cell-reactive li- 
g a d s  can specifically delete cells in vitro and 
in vivo (7). We and others have used the A 
chain of the plant toxin, ricin, conjugated to 
cell-reactive antibodies. Such conjugates kill 
cells after endocytosis of the conjugate-anti- 
gen complex and translocation of the A 
chain into the cytosol where it inhibits 
protein synthesis (7). Below we describe the 
coupling of soluble rCD4 to deglycosylated 
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eliminated with a toxic agent coupled to a 
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