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An Ancient Group I Intron Shved by Eubacteria and 
Chloroplasts 

lnarmsh?vebcca~dinthegcnomcsofdmajorgroupsoforga&msaccpt 
c a ~ . I h e p r c s c n c e o f ~ i n ~ l a s t s a n d ~ b o t h o f w h i c h  
areofcubauaialotigin,hasbccnintapretodascvi~ccdthafortherrccnt 
acquisition of in- by orgadks or for the loss ofintrons fiom their cubaucrial 
progenitors. The gene fix the leucine transfk RNA with a U M  anticodon [tRNALeu 
(UAA)] fiom five dmtrsc cyanobactmia and d major groups of chloroplasts 
contains a single group I introa The in- is amsend  in mxmdary struchur and 
primacy sequence, and occupies the same podtkm, within the UAA anticodon. The 
homology of the intmn across chloroplasts and cyadmamh &plies that it was 
p r c s c n t i n t h e i t c o m m o n ~ r a n d t h a t i t h a s b c c n ~ d i n d K i r g c n a w s f b r  
at least 1 billion years. 

I NTRONS ARB WIDESPREAD, OCCUR- Critical to the debate over intnm evolu- 
ring in nuclear, chloroplast, and mite tion is the complete absence of introns fiom 
chondrial genomes of eukaryotes (I), in eubacterial genes. Although ktrons have 

archaebaaerial genomes (2), and in virws been found in several eubacteriophage 
of eukaryotes and eubacteria (3). The "in- genes, these are mobile p u p  I introns that 
trons early" view of intron evolution main- are thought to be derived fiom lateral gene 
tains that most introns were prcsent in the transfer (3, 7). Introns-late advacates inter- 
common ancestor of eukaryotes, eubacteria, pret the absence of introns fiom eubacterial 
and archaebacteria, and that the general genes as evidence that their common an=- 
d i d o n  of their evolution has been toward 
loss (4). These arguments are based on the 
self-spliang properties displayed by certain 
introns-which are interpreted to be rem- 
nants of an ancient "RNA woddn-on the 
broad distribution of certain nudear introns 
among diverse lineages of eukaryotes, and 
on the conserved structure among eukary- 
otes and bacteria of protein genes thought 
to have been assembled by the intron-medi- 
ated process termed "exon shuwinf (9. 
The "introns late" view holds that primor- 
dial genes lacked introns, which were in- 
stead aquired independently, and relatively 
recently, in various lineages of life (6). This 
view is b e d  on the lateral mobility of 

&r lacked introns (6), whereas introns-early 
proponents argue that selection fbr rapid 
bacterial growth has led to a saramlining of 
the genome and the elimination of introns 
(4). Chloroplasts and mitochondria are de- 
rived from eubacteria by endosymbiosis (8), 
yet in many lieages they contain numerous 
introns. Inaons-early adherents view this as 
evidence that the selection to eliminate in- 
trons and streamline the genome is lessened 
in organelles corn@ to bacteria (4), 
whereas introns-late adherents contend that 
organelles aquired their introns a f k  endo- 
symbiosis (6, 9, 10). 

A nearly identical set of 20 intimu has 
been conserved throughout the evolution of 

certain types of introns (7) and on- the land plant chloropl& (11); however, these 
sporadic distribution of introns across all of introns are largely absent fiom the tew algae 
life (1-3). that have been examined (lo), and phyloge- 

netic survev shows that two tRNA inmns 
were a q u k  specifically in the green algal 

DepPmncm of Bidogy. Indiana University. Blooming- ancestors of land plants (12). In contrast, a 
mn, IN 47405. third tRNA intron, a group I intron in a 
*TO whan correspodcnce should be ~ddrrssed. gene for the leucine tRNA with a UAA 

Fig. 1. Si deternunan . . 
on 

of tRNAL" genes from cy- 
anobacmia and chloro. 
plasts. PCR plpdUCts fiom 
Phonnidinm N182 (P), Ana- 
cystis R2 (A), Scytonema 
PCC7110 (S), Nicotiana 
fabacum (N), and Chara hisp- 
i& (C), and Hpa I1 frag- 
ments from Blucscript SK+ 
(M) (sizes marked in base 
pairs), were subjected to 
electrophoresis on a 5% 
p o l y a c r y l ~  gel a"'i 
stained with ahidium bro- 
mide. Sequence of the 5' 
PCR Dlimcr (exon ~ositions 

(AG~CGGAC. Sequenk i f  
the 3' PCR primer (posi- 
tions 51 to 85): TGGG- 
GATAGAGGGArnGA- 
ACCCTCACGATITlTA. 
PCR was pcrfbmKd with 
100 ng of template DNA, 
100 pmol of each primer, 20 

M P A S N C  

nmoi of cash &xynude- 
otide triphosphate, 2 units 
of Taq polymerase (Promega), and 1 x Taq bu&r 
(Promega). The d o n  mixture was heated at 
94°C fbr 2.0 min and then subjested to 40 cydcs 
consisting of 1.5 min at 92% 1.5 min at 5OT, 
and 2.0 min at n0C, with the last step being 
increased by 5 s at each cyck and the find 72°C 
step lasting br 12 min. 

anticodon [tRNALN(UAA)], is found in 
chloroplasts of land plants and the distantly 
related alga Cyanophora paradoxa (13). This 
is therefore the bcst candidate for beiig an 
ancient intron potentially of eubacterid or- 
igin. 

The distribution of this group I inavn in 
~RNA-(UAA) genes of chlor~plasts and 
cyanobam&-the progenitors of chloro- 
plasts (8)-was d by determinhg the 
size and sequence of the products of poly- 
merase chain reaction ( X R )  amplification 
that was performed with primers specific fbr 
the exons of sequenced tRNALcu(UAA) 
gems of land plants and Cyanophora (13, 
14). The group I intron splits these genes 
into exons of 35 and 50 base pairs (bp). 
Amplification with a 26-nucleotide (nt) 5' 
primer (positions 8 to 33) and a 35-nt 3' 
primer (positions 51 to 85) should yield a 
PCR product of -80 bp for tRNALcu genes 
lacking intnms, and for genes containiig an 
intron, a product larger than 80 bp by the 
size of the intnm. Control amplification 
with DNA from Nicotiana tabacum gave a 
product &ted to be 640 bp in size (Fig. 
l), in reasonable agreement with the expexx- 
ed size of 581 bp (14). The DNA from three 
phylogenetically diverse (15) cyanobacte- 
ria-Phonnidium N182, Anacystis R2, and 
Scytonema l?CC7llOalso yielded PCR 
products s u b t i a l l y  larger (330 to 410 
bp) (Fig. 1) than the 80 bp expected for an 
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u~linterrupted gene. In contrast, the green 
alga C h n r n  hispida gave a product indicative 
of an unsplit gene. Overall, each of five 
cyanobacteria tested and 7 of 12 algae tested 
gave PCR products of a size expected for an 
intron-containing gene (1 6) .  Four observa- 
tions suggest that the PCR products result 
from amplification of the stated genome and 
not of any contaminant genome: (i) Only a 
single PCR band was detected in each of the 
five amplificatio~ls shown (Fig. 1); (ii) each 

species yielded a PCR product of a different 
size (Fig. 1); (iii) all amplifications yielded 
similar amounts of product (Fig. 1); (iv) 
each of several PCR products used as probes 
in Southern (DNA) blot experiments hy- 
bridized strongly and specifically to the ap- 
propriate source DNA (1 7). 

Nine different PCR products were cloned 
and sequenced (Table 1) (18). Sequence 
compariso~ls revealed that all nine products 
correspo~ld to ~RNA'-'"(uAA) genes con- 

taining a single intron of 204 to 345 bp 
located between the U and A of the UAA 
anticodon (Table 1; Figs. 2 and 3). In 
addition to sequencing cloned PCR prod- 
ucts, we isolated a clone from a phage library 
of Anncys f i s  DNA and showed that it con- 
tains a segment of a tRNA1-'"(UAA) gene 
that includes an intron identical in se- 
quence to that of the A n n c y s f i s  PCR product 
(19). 

All of the tRNA1-"'(UAA) introns can be 

Table 1. Size and conserved sequence elements of the tRNAt."'(UAA) senration, a pair of lowercase letters indicates that two nucleotides account 
introns of cyanobactcr~a and chloroplasts. Within the tRNA intron for >90% of the sequences, and an "n" indicates that no nuclcotide is 
sequcllccs, a dash indicates ~dentity to the Atrncysris scqucnce, a letter consenred at the level of these criteria. Underlined nucleotides are 
indicates a nuclcotide d~ffcrcnce, and an asterisk indicates a nucleotide proposed to be base paired in the intron secondary structure (20). The 
deletion. Within the consensus sequence, which is based on 66 group I Cyntrophorn and Nicotiatin sequences arc published (13, 14); the rest arc 
introns (24,  an uppercase letter designates >90% conservation of a from this work. 
particular nucleot~de, a lowercase letter designates 70 to 90% con- 

I n t r o n  Conse rved  i n t r o n  s e q u e n c e s  
Phylum Organism s i z e  

( b p )  P Q R S 

c y a n o b a c t e r i u m  A n a c y s t i s  R2 239 AACUCAGGGAAAC AAUCCUGAGC GUGCAGAGACUAGA A A G G G A W  
c y a n o b a c t e r i u m  Phormidium N182 269 ------------- ---------- -------- G-E-- ------=---- 
c y a n o b a c t e r i u m  Scytonema PCC7110 307 ------------- ---------- -------- G-E-- ------=---- 
g l a u c o p h y t e  cyanophora p a r a d o x a  232 --U---------- ---------- ----------- - -  ----u-G----- 
c h r y s o p h y t e  Ochromonas d a n i c a  304 --u----A----- ---------- ----------- CA- ---AU-G----- 
x a n t h o p h y t e  Vaucher i a  b u r s a t a  223 --u---A----*- --c------- ----------- CA- ---A--G----- 
phaeophy te  C o s t a r i a  c o s t a t a  231  --u---A----*- ----y----- ----------- - -  ---A--G----- 
phaeophy te  ~ i ~ t ~ ~ t ~  d icho toma  345 --u----A----- G---A----- ----------- CA- ---Au-G----- 
c h l o r o p h y t e  C h l o r e l l a  v u l g a r i s  225 --U---------- --------- u - - - - - - - - - - - CA- ---A--G----- 
c h l o r o p h y t e  B r y o p s i s  p lumosa 204 --~--a------ - - ~ - x - - - -  ---u-------~u- ---A--A----- 
metaphy te  N i c o t i a n a  tabacum 503 --U----A----- ---------- ----------- CA- ---AU-G----- 

c o n s e n s u s  g r o u p  I a u  c guu g a  c 
auauncnnngaAn aA!mngmgg c c g c A a c ~ n a  AaGauA- 

Fig. 2. Sequences and secondary structure models of the tRNA1,'"(UAA) (internal guide sequence) are circled (20). Stem regions P1 to P9 of 
introns of three cyanobacteria and the green alga Bryops i s .  A-U and G-C base Scytonerna are marked with numerals 1 to 9. Sequence of the central 
pairs are indicated with dashes and G-U base pairs with solid dots. The 5' 53-nucleotide segment of stem 6 of Scytotiernn: UUUUUGACUUGUCC- 
and 3' exotl sequences are boxed and putative splice sites are marked with UUCGGUUAAUUAUCAAGAACAUAAGGACAAACAACAAAU. Sec- 
arrows. Group I intron consenred sequences P, Q, R, and S, and IGS ondary structures were constructed with the program "Loop-D-Loop." 
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AA- 
AA- 
AA- 
Am- 

UUU- 
GA- 

S CWGAUAGAGAA A U C m m  
-- 

P CWAGUGGAGAA AUCCGCUAAG 
A CUCGAUCGCGAA AGGGAUCGAG 
C -AAGAA AUU A W A A G  
B U U W U L T U A A G A A A A W W  
N CWGGUAUGGAA ACWACUAAG 

S GCUCUC 
P AGCUCU 
A AGCUCUC 
C AACUCUCA 
B W  
N CUUUCA 

GGGAGC 
GGAGCU 

GGGAGCU 
UGAGAGW 

GGW 
UGGAAG 

Fig. 3. Se uence alignments of the stem regions P1 to  P9  (21) of 
the tRNA9cu(UAA) introns hom S c y t o n i i n n  PCC7lLO (S), PILOT- 
i n i d i u i n  N182 (P), A t t a r y r i i s  R2 (A), C y n n o p i t o r n  p n r n d o x n  (C) (13), 
B r y o p r i r p l u i w o r n  (B), and N i c o t i a n n  t n h n c u i n  (N) ( 1 4 ) .  Regions P1 to  
P6, P8, and P9 are shown as stems in Fig. 2, whereas P7, which 
consists of elements R and S in Fig. 2, is not. Stem-forming base 

~ 4 . 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ai r ines  are underlined. ~eauenc i s  conserved among grour, I 
s U C A G G G A A A ~ A A A ~ G U  ~ACAGACAUGGCAAL!GE3 tntro~; (20) are in boldface. +he 3' CUU of exon 1 is Xciudeh as 
P UCAGGGAAACCUAAmAGCCUCAAUCAGAUACCCCAG-AUGGWGAGGAGAUAUGGCAAUCCUGA 
A UCAGGGAAAmAAAACUUUAAAC AwAAAGucAuGGcAAuccuGA part of P1. The S c y t o n e i n a  P6 and N i c o t i a r r n  P8 regions contain 
c UCAGGGAAA~AAGIJJAUWUUULIAUUUGW WAAAUAAA-UXUGGCAA~ segments of 53 and 258 nucleotides (nt), respectively, that are not 
B UCGAGGAAACCUUU W G A u m -  shown. Asterisks indicate positions that were not included in the 
N UCAGAGAAA-GGAAW 

AACmUmCAA- sequence divergence calculations given in the text. 
P6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  P7 
s GCCAAGaAAGGUGGWAUAAGUCA-- 5 3  n t  --GACAAGUGACUAGCUA!ZGAAG3!J S GCAGA-GA AAGGGA- 
P GCCAAGCCGUUUGAUAGCAAUGGCU A U C U G G W C W C A A G C G G A A m  P GCAGAGGCCCGA AAGGGAGGGUCC 
A EAAGCUAAAGCUAAACAA- C U A A C A G C U U U A G A A m  A GCAGAGACUAGA AAGGGA- 
C GCCAAG-UC AUUUUGUAUGGU C GCAGAGACUCGA AAGGUAGAGUCC 
B GCCAGUAGAA A U G A W  B GUAGAGACUUUA AAGAGAAAGUCC 
N GCCAAAUCCUGL'Ln-2CCGAAAACAAAC AAGGUAGAAAAAAAGGACAGGU 11 GCAGAGACUCAA AAGAUAGAGUCC 

S m A A C G U A A  AGUCGAGGGU S A W C U C A A A A ~ U U U C A A W C U G U G G A A G U G U A A G G C A G C G  
P m A A E U C A  AGUCGAGGGU P m C A A A G C C C G C U  GAGGCUCGGAGCAGCGAAAGWWX GAGGGU 
A m A A B A W  CAGCCGAGGGU A AUUCUCAACAUCGCGAWGWGAU G-GAAA-AGA G W  
C AUCCUAACAUUUA UAAUGAGGAU C A W C U U U A U C G A A W G A W  A A C G A A A a  AAAAAAAGAAU 
B ACCUA&JQAAUUUGUC AAUAAUUUUGGU B CUUUCUUUGWAUAUAAGUAUAA A A U A C W A U U U U U A G A G A A A ~  
N m A A C A A A E - -  258 n t  - -EGACGAGAAU N W A C A U G U C A A U A C C G G C  AACAAUGAAAUUU A U C G U A A A  

folded into secondary structures (Fig. 2) 
that conform to the consensus group I in- 
tron structure (20). This consensus structure 
contains regions of complementary se- 
quences that-form nine stem-loop structures 
(P1 to P9; Figs. 2 and 3) .  These stem 
regions include four short domains that are - 
consenled in primary sequence among all 
group I i~ l t ro~ls  (P, Q, R, and S; Table 1 and 
Fig. 2).  In addition, the tRNAL"' introns 
po>sess an unusually high degree of se- 
quence similarity in the regions surrou~ldi~lg 
these four domains (21); 83  and 76% of the 
core 162 nucleotides in which the domains 
are embedded are consen,ed between the 
cyanobacteria A n a c y s t ~ s  and Phorrriidium and 
between Atlacystis and the alga Cynnophorn ,  
respectively (Fig. 3).  The major differences 
among the tRNA1-"' introns are size varia- 
tions in stem regions P5, P6, P8, and P9. 
The smallest intion, from Bryopsis ,  is only 
204 nt and contains the shortest P5 and P6 
stems, whereas the 307- and 503-nt introns 
of Scytonerria and Nicotiana contain inser- 
tions of approximately 50  nt in stem P6 and 
250 nt in stem P8, respecti\~ely (Figs. 2 and 
3). Differences among taxa in the consensus 
sequences P, Q, R, and S are most notable in 
Scytotlema and Phormidium,  which differ 
from Atlacystis,  all chloroplasts, and the con- 
sensus itself at the nearly invariant positions 
9 and 11 in region R and position 8 in 
region S (Table 1).  However, these changes 
presewe base pairing in the stem regions, 
and the same changes (often occurring in 
concert) have been obsewed in other group 
I introlls (20). 

The similarity of the tRNA1."' intron to 
other group I introns, several of which 
self-splice in vitro (20), suggests that it may 
share this ability. Indeed, self-splicing has 
been demonstrated for this intron in certain 
cyanobacteria (21). The tRNA1-"'(UAA) in- 

tron is small and lacks any open reading 
frames, whereas several group I introns en- 
code sequence-specific endonucleases, which 
enable them to insert themselves into genes 
lacking the intron and thereby to spread 
laterally (3, 7). This lack of "automobility" 
for the tRNAT-'"(UAA) intron reduces the 
likelihood that it was acquired independent- 
ly by horizontal evolution in the various 
chloroplast and cyanobacterial lineages that 
possess it. 

The presence of this intron in all major 
groups of chloroplasts examined and in cy- 
anobacteria is strong evidence that it resided 
in the tRNA1-"'(UAA) gene of the cyano- 
bacterial ancestor of plastids. If we accept 
this phylogenetic continuity across the or- 
ganelle-bacterial boundary, we can estimate 
a minimum age for this intron of 1 billion 
years, the putative age of plastids (22). Be- 
cause the intron is present in all five cyano- 
bacteria examined here and in three other 
cyanobacteria (21), it may be much older, 
perhaps as old as the 3.5 billion-year-old 
fossils that have been suggested to  represent 
cyanobacteria (23). 

The discovery of introns in eubacterial 
genes closes the last major gap in the phy- 
logenetic distribution of  introns. It also pro- 
vides a starting point to help resolve the 
contro\~ersy concerning the origin of in- 
trons-early or late-at least as it pertains to  
group I introns. Cyanobacteria are only one 
of many eubacterial phyla (24), and thus an 
important question is whether tRNALeL' 
(UAA) genes of other eubacterial lineages 
also contain a group I intron. Although four 
previously studied eubacterial tRNA1-'" 
(UAA) genes lack introns (25, 26), we have 
found that some members of  other eubacte- 
rial phyla d o  contain tRNA1,"'(UAA) in- 
trons (17). The investigation of eukaryotic 
and archaebacterial tRNA1-'"(UAA) genes, 

which are currently terra incognita ( 2 4 ,  is 
thus now called for. 
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Complementation of the Mitotic Activator, p g o c d c 2 5  9 step for the initiation of mitosis (5) .  Here 
we show that in S. pomhe, tyrosine dephos- by a Human Protein-Tyrosine Phosphatase phorylation is the trigger for pp34-cyc~in 
activation. Moreover, we show that a hu- 

KATHLEEN L. GOULD,* SERGIO MORENO, NICHOLAS K. TONKS,~  man protein-tyrosine phosphatase (PTPase) 
PAUL NURSE expressed in S. pomhe can replace the mitotic 

activator p80'n'25 and drive entry into mito- 
The onset of M phase requires the activation of the pp34 protein kinase in all sis. 
eukaryotes thus far examined. In Schizosaccharomyces pombe, pp34 is phosphorylated Prevention of ~yr '"hos~ho~llat ion 
on Tyr15, and dephosphorylation of this residue regulates the initiation of mitosis. In causes advancement of fission yeast cells into 
this study, it is shown that dephosphorylation of ~ ~ r "  triggered activation of the M phase prematurely, and thus, probably 
pp34-cyclin complex from fission yeast, that a human protein-tyrosine phosphatase can represents the last step in the activation of 
catalyze this event both in vitro and in vivo, and that activation of fission yeast pp34 the pp34-cyclin complex. However, it was 
does not require threonine dephosphorylation. The complementary DNA that encod- possible that although tyrosine dephospho- 
ed the tyrosine phosphatase replaced the mitotic activator p80cdc25, closely associating rylation was rate-limiting, other down- 
the cdc25+-activating pathway with tyrosine dephosphorylation of pp34. stream events were required before activa- 

tion of pp34 protein kinase activity. If 

T HE FISSION YEAST C D C ~ ~ G E N E  IS dependent manner on a single detectable tyrosine dephosphorylation alone is suffi- 
required for cell cycle progression at threonine residue (8) and on a single tyro- cient to  activate the pp34-cyclin complex, 
both the GIIS and G,IM phase tran- sine residue, Tyr1"5). We expressed a then protein kinase activation should be 

sitions (1). The product of  the cdc2+ gene is mutant pp34 in which Tyrl%ad been re- achieved by enzymatically removing phos- 
a 34-kD protein-serinelthreonine kinase placed with phenylalanine in S. pomhe, and phate from Tyrl"n vitro. First we tested 
(pp34) that has been highly conserved concluded that phosphorylation of T y r l b h e t h e r  a purified MPase, termed the T cell 
throughout evolution (2). Homologs of this normally inhibits pp34 activation and that PTPase (9 ) ,  could dephosphorylate 32P-la- 
protein kinase appear to  regulate the onset Tyr l~ephosphory la t ion  is a rate-limiting beled pp34. We isolated 32P-labeled pp34 
of mitosis in all eukaryotes examined, as well 
as meiotic M phase in amphibian, sea ur- Fig. 1. Activation of pp34 by tyro- A B C D 
chin, and mollusk oocytes (2). Activation of sine dephosphorylation. (A) Treat- c $ $ 0  $ 
pp34 and entry into mitosis is dependent on pp34 with cell PTPase. .- 0 2 2 2  ,z 0. 2 %  

pp34 was immunoprecipitated - 
physical association between cyclin, which with to pp34 (Ab 4711) 5 a L i  - = m a  L i z %  li - Liz  

m  0 ,  m  - 
in S. pombe is the product of the cdcl3+ gene ( 5 )  from nondenamred lysates (16) 0 0 o +  0 8 8 5  
(2), and pp34. Activation of pp34 in fission of cdc25-22 cells labeled with k c  

yeast also requires the product of the cdc25+ [32P]o*0~h0s~hate and growth- 
arrested at 36°C as described 17). gene, p80'1"25(3), which accumulates during One-halfof the immunoprecipitate 

the G, period of the cell cycle (4). was treated with PTPase buffer 
Dephosphorylation of pp34 on tyrosine, alone (18) and the other half with 

threonine, o r  both residues has been corre- buffer and T cell PTPase for 30 min 

lated with activation of the pp34-cyclin ~ p ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ d i ~ ~ , " , " , " ~ ~  
complex in many systems (5-7). S. pomhe posed for 16 hours, (B) rhos- f - 
pp34 is phosphorylated in a cell cycle- phoamino acid analyses (20) of 

pp34 from 32P-labeled-untreated 
and PTPase-treated immuno~re- 
cipitates similar to those in '(A) 

K. L. Gould, S. Moreno, P. Nurse, Im rial Cancer (6-day exposure), S, phospho- Research Fund Cell Cycle Group, Microglogy Unit, 
Depament ofBiochemistw, Unlvers~v ofoxford, Ox. serine; t, phosphothreonine; y, phosphotyrosine. (C) Histone H I  kinase assays. pp34 was immuno- 
ford OX1 3QU, United  in dom precipitated with Ab 471 1 from unlabeled nondenatured lysates of cdc25-22-arrested cells and split into 
N. K. Tonks. Department okBrociremistry, sl-70, u n r  three equal portions. One-third was treated with PTPase buffer, one-third with buffer and T cell 
versity of Washington, Seattle, WA 98195. PTPase, and one-third with buffer, T cell PTPase, and sodium orthovanadate (1  mM). After washing 

with h a s e  buffer (14 ,  one-half of these immunoprecipitates was assayed for histone H I  kinase activity 
*To whom correspondence should be addressed. 
+Present address: Laboratory, Cold Spring Har- as described (16). The protein bands on the autoradiograph were quantified by densitometry. (D) pp34 
bar ~ ~ t , ~ ,  p .0 ,  B~~ 100, B~~~~~~ ~ ~ ~ d ,   old spring immunoblot with antibody to pp34 COOH-terminal peptide, PN24, (21) of the remaining halves of 
Harbor, NY 1 1724. the immunoprecipitates described in (C). The arrow indicates pp34. 
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