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DNA Polymerase P and DNA Synthesis in Xenopus 
Oocytes and in a Nuclear Extract 

Timothy M. Jenkins, Jitendra K. Saxena,* Amalendra Kumar,t 
Samuel H. Wilson,t Eric J. Ackerman* 

The identities of the DNA polymerases required for conversion of single-strand (ss) MI3 
DNA to double-strand (ds) MI3 DNA were examined both in injected Xenopus laevis 
oocytes and in an oocyte nuclear extract. Inhibitors and antibodies specific to DNA poly- 
merases a and p were used. In nuclear extracts, inhibition by the antibody to polymerase 
p could be reversed by purified polymerase p. The polymerase p inhibitors, dideoxythy- 
midine triphosphate (ddTTP) and dideoxycytidine triphosphate (ddCTP), also blocked 
DNA synthesis and indicated that polymerase p is involved in the conversion of ssDNA to 
dsDNA. These results also may have particular significance for emerging evidence of an 
ssDNA replication mode in eukaryotic cells. 

Xenopus laevis oocytes and eggs have been 
used to study eukaryotic transcription, 
translation, intracellular transport and lo- 
calization of molecules, DNA replication 
(I), and DNA repair (2, 3). We used 
Xenopus oocytes to study the mechanisms of 
DNA replication. An extensive component 
of genomic DNA replication in Xenopus 
embryos appears to be conversion of long 
segments of ssDNA to semiconservatively 
replicated dsDNA molecules (4). Thus, we 
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used ssMl3 DNA molecules as a model for 
conversion of ssDNA to dsDNA (5)  in , , 

oocytes and in an oocyte nuclear extract. 
This DNA synthesis appears to be depen- 
dent on the activity of DNA polymerase P 
and the activity of DNA polymerase a; 
DNA polymerase 6 or E or both may also be 
required. Polymerase p is a highly con- 
served DNA polymerase in vertebrates ( 6 ) ,  
generally considered to have a role in gap- 
filling DNA synthesis in DNA repair (7). 
Recently, polymerase P was shown to sub- 
stitute for DNA polymerase I in the joining 
of Okazaki fragments during DNA replica- 
tion in Escherichia coli (8). 

Model DNA replication systems that use 
small ds viral DNA molecules (9) do not 
appear to depend on DNA polymerase P 
because the systems can be reconstituted 
with purified proteins in the absence of 
DNA polymerase P. Other replication 
models ( lo),  however, are important to 
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consider because genomic DNA replication 
in Xenopus, for example, does not appear to 
occur exclusively by the bidirectional repli- 
cation bubble mechanism observed in these 
viral DNA replication systems (4). 

Xenopus h i s  oocyte nuclei and whole- 
cell extracts derived from Xenopus eggs (I I) 
or oocytes (12) efficiently synthesize the 
.com~lementaw strand of an ssDNA. 
whereas only eggs and egg extracts are able 
to replicate dsDNA (5). Our findings dem- 
onstrate that in Xenopus oocytes and in a 
nuclear extract polymerases a and p are 
required for the synthesis of the comple- 
mentary strand. 

Aphidicolin inhibited DNA synthesis 
on ssM13 DNA in oocytes (Fig. lA), sug- 
gesting that at least polymerase a, 8, or E 

(13) was required for ssM13 DNA replica- 
tion. Monoclonal antibodies (MAbs) to 
human KB cell DNA polymerase a, SJK 
132-20 (14), and to calf polymerase a (1 5) 
were then used to determine whether poly- 
merase a was involved (1 3). Both MAbs to 
polymerase a inhibited DNA synthesis 
(Fig. 1B). Polyclonal antibody specific to 
rat polymerase p also abolished DNA syn- 
thesis in injected oocytes (Fig. 1B). 

We analyzed the early replication prod- 
ucts synthesized in oocytes injected along 
with aphidicolin or antibody to polymerase 
8 by alkaline agarose gel electrophoresis 
(Fig. 1C). We conclude that polymerases a 
and 8 are required for different aspects of 
DNA synthesis. Polymerase a is required 
for the earliest events (production of short- 
er intermediates), and polymerase p is re- 
quired at a later step. 

An oocyte nuclear extract with added 
deoxynucleotide triphosphates (dNTPs) , ri- 
bosomal nucleotide triphosphates (rNTPs) , 

Fig. 1. Antibodies to 
DNA polymerases a or 
$ inhibit replication of 
ssDNA in oocytes. 
Aphidicolin (indicated 
in milligrams per millili- 
ter) or antibodies (indi- 
cated by dilution) were 
simultaneously injected 
with 2.5 ng of ssM13 
and a-?-labeled dCTP 
(22, 23);- incubation 
was for 5 hours. We 
then extracted the DNA 
(3) and analyzed it by 
electro~horesis on a 

A 
- C 

M13 + + + + +  ~ 1 3  
+ - - - -  + + +  

Abcontrol - p-Ab - 1: l  - 
Aphidicolin - - - l . 0  lo Aphidicolin - - 1.0 

1 % ag&OSe tris-borate a-Ab2 - - - 1:l 1:s - 
EDTA (TBE) gel. (A) p-Ab - - - - - 1:* 1:s 

Lanes 1 to 6 as indicat- 
ed; Ab-control in lane 2 111- 

was undiluted rat im- ,_, 1 munoglobulin M (IgM) 
pre-immune control an- -125 
tibody (15). Forms I, II, 1 2 3 4 5 6 7  
and Ill DNA are indicat- 
ed. (6) The a-Ab, in 1 2 3  

lanes 2 and 3 was IgG MAb (SJK 132-20) to KB cell DNA polymerase a (14) diluted as indicated; 
a-Ab, in lanes 4 and 5 was IgM MAb to calf thymus DNA polymerase a (15) diluted as indicated; 
$-Ab in lanes 6 and 7 was polyclonal Ab to rat DNA polymerase $ diluted as indicated. (C) The 
ssMl3 DNA and label were injected into oocytes as described in (A) and were incubated for 3 
hours. Recovered DNA was separated by electrophoresis on a 1% alkaline agarose gel, and the 
resulting autoradiograph was intentionally overexposed to detect the products formed. Lane 1, 
ssM13; lane 2, ssMl3 plus 1 FI of antibody to DNA polymerase $ diluted 1 :l; and lane 3, ssM13 plus 
aphidicolin at 1 mg/ml. Molecular weight markers are indicated in base pairs. The top arrow 
indicates the position of full-length linear ssM13, and the lower arrow indicates the position of 
circular MI3 DNA. 

and adenosine triphosphate (ATP) (Fig. incubation once dNTPs and rNTPs were 
2A) also converts ssM13 to dsM13. Alkali added. We eliminated DNA synthesis by 
or ribonuclease H treatment of ssM13 to the addition of 0.1 mM aphidicolin (Fig. 
remove contaminating short ribonucleotide 2A) or by the addition of antibodies to 
primers (I I) before injection (Fig. 1) or polymerase a or 8 (Fig. 2B). The antibod- 
before incubation of ssM13 with extract ies to human DNA polymerase a or to rat 
had no effect on subsequent DNA synthesis polymerase 8 more effectively inhibited 

Fig. 2. Antibodies to DNA A B 
polymerases a or f.3 inhibit MI3 

C 
+ + +  MI3  - + + + + + + +  M13 - 

replication of ssDNA in an Aphidicolin - 0.1 1.0 a-Abl - - 1 2 - - - - MfTP - 
oocyte nuclear extract - -= -- a-Abp - - - - 1 ddCTP-  
(24-26). Although a mix- 

I 
B-Ab - - - - - - 1 2  

ture of replication products , . 

was observed on native 
agarose gels, most of the 
DNA labeled by incorpo- 
ration of a-[32P]dCTP 
comigrated with full-length 2 3 1 
DNA on alkaline agarose 
gels (27). (A) Aphidicolin 
concentration in reaction 
indicated in milligrams per 1 2 3 4 5 6 7 8  
milliliter. (B) Antibodies are as described in the legend to Fig. 1; numbers reter to rn~croliters of Ab 
added to reaction. Nuclear extract was incubated with antibod~es for 30 min at room temperature (RT) 
before addition of ssM13 DNA and label. (C) Nuclear extract, ssM13, and label incubated simultaneously 
with ddNTPs for 3 hours at RT (lanes 3 to 13); lane 1, label only; lane 2, time = 0. Concentrations 
(micromolar) for ddTTP and ddCTP are indicated. (D) Densitometric quantitation of ddTTP (0) and 
ddCTP (43) data from (C). 
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!# - +Rat 
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p-polymerase 

t31-kD domain 
+ 27-kD domain 

*?lr + EkD domain 
t Dye front t Dye front 

1 2 3 4  1 2 3  4 5 6  7 

Fig. 3. (A) Inhibition of replication by DNA polymerase p antibody (p-Ab) can be reversed by the 
addition of exogenous polymerase (p-pol). All samples were incubated 3 hours after addition of 
label and ssM13. Lane 1. no ssM13; lane 2. ssM13; lane 3. incubation of p-Ab and extract for 20 min 
RT, after which label and ssM13 were added; and lane 4, incubation of p-Ab and extract for 20 min 
RT, after which 0.3 pg of purified p-pol was incubated 20 min RT, followed by label and ssM13. 
Addition of polymerase p without extract did not support DNA synthesis (27). (B) The antibody to 
rat DNA polymerase p reacted with partially purified Xenopus DNA polymerase p but not with 
purified Xenqpus DNA polymerase a by protein immunoblot (27,28). We partially purified Xenopus 
DNA polymerase p from liver with procedures established for purification of rat DNA polymerase 
p-that is, salt extraction and then phosphocellulose and ssDNA agarose chromatography (29). 
The resulting partially purified polymerase fraction was analyzed by SDSgolyacrylamide gel 
electrophoresis (PAGE) and was stained with Coomassie blue. Lanes 1 to 3 contained 5, 10, and 
20 pg of protein, respectively, and lane 4 contained 3 pg of purified rat DNA polymerase p. Protein 
immunoblot analysis of partially purified Xenopus polymerase p (lanes 5 to 7); lanes 5 and 6 
correspond to the 10 and 20 pg of protein used in lanes 2 and 3; lane 7 contains a mixture of the 
well-characterized proteolytic domain fragments of rat polymerase p (29) as reference. Nonimmune 
IgG did not show bands (27). 

DNA synthesis than did the antibody to 
calf thymus polymerase a in the nuclear 
extract (Fig. 2B), which is identical to 
results obtained in the living cell (Fig. 1B). 
Therefore, DNA polymerases a and f3 ap- 
pear to be required for synthesis of the 
complementary strand of ssM13 in both 
oocytes and in the nuclear extract. 

We then determined whether this DNA 
synthesis was sensitive to dideoxynucle- 
otides (ddNTPs) , which selectively inhibit 
polymerase p at appropriate concentrations 
(1 6). Either 2',3'-dideoxycytidine 5'-tri- 
phosphate (ddCTP) or 2',3'-dideoxythymi- 
dine 5'-triphosphate (ddTTF') was added to 
the extract along with ssM13 and a-32P- 
labeled dCTP (Fig. 2C). Both ddCTP and 
ddTTP inhibited DNA synthesis under 
conditions where Xenop~r DNA polymerase 
a is not inhibited (1 7), implicating DNA 
polymerase p in the conversion of ssM 13 to 
dsM13. We obtained further evidence that 
polymerase f3 activity is required in experi- 
ments in which we reversed the inhibitory 
effect of the antibody to polymerase p (Fig. 
3) by the addition of purified recombinant 
rat DNA polymerase p (18). These results 
demonstrate that the antibody-induced in- 
hibition is due to a specific interaction 
between the antibody and polymerase p 
rather than to a nonspecific inhibitory com- 

ponent in the antibody preparation. 
DNA re~lication mediated bv non-fork 

mechanisms is known for some viral systems 
(9), such as adenovirus. It has been suggest- 
ed (1 9) that a complete description of DNA 
replication in higher eukaryotic cells will 
eventually include a role for ssDNA inter- 
mediates. There is evidence for strand sep- 
aration that is not fork-driven in higher 
eukaryotic DNA replication, and replica- 
tion in Xenobw mav involve svnthesis from 
extensive s s ~ ~ ~  regions (4). 'Long regions 
of - 100-kb ssDNA were isolated from hu- 
man cells (20); these molecules may have 
been derived from even larger ss or partly ss 
molecules because ssDNA is sensitive to 
shearing during isolation. Furthermore, the 
ssDNA was found primarily in S phase cells 
and was proposed to represent the displaced 
strands of parental DNA in asymmetric 
DNA synthesis (20). 

Xenopus oocytes efficiently synthesize the 
complementary strand of injected ssDNA. 
Our results suggest that polymerase p is 
involved in ss to ds conversion. and thev do 
not support the possibility that polyme'rase 
p is an inactive member of a large complex 
of DNA replication proteins. Polymerase p 
may be required in the final steps of genom- 
ic DNA replication for gap-filling DNA 
synthesis after primer removal (2 1). Our in 

vitro complementation system may be use- 
ful for analysis of accessory DNA replica- 
tion proteins and domain fragments of poly- 
merase p or modified versions of the enzyme 
obtained by mutagenesis. 
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The Primary Structure of MEK, a Protein Kinase 
That Phosphorylates the ERK Gene Product 

Craig M. Crews, Alessandro Alessandrini, Raymond L. Erikson 
Mitogenactivated protein (MAP) kinases, also known as extracellular signakegulated 
kinases (ERKs), are thought to act at an integration point for muttiple biochemical signals 
because they are activated by a wide variety of extracellular signals, rapidly phosphorylated 
on threonine and tyrosine, and highly conserved. A critical protein kinase lies upstream of 
MAP kinase and stimulates the enzymatic activity of MAP kinase. The structure of this 
protein kinase, denoted MEKI, for FP kinase or ERK kinase, was elucidated from a 
complementaty DNA sequence and shown to be a protein of 393 amino acids (43,500 
dakons) that is related most closely in size and sequence to the product encoded by the 
Schizasecchatvmycespombe byrl gene. The MEKgene was highly expressed in murine 
brain, and the product expressed in bacteria phosphorylated the ERK gene product. 

Peptide growth factors elicit a burst of 
intracellular protein phosphorylation in 
treated cells, most of which occurs on 
serine and threonine residues. Because ty- 
rosine-specific growth factor receptor ki- 
nases initiate these phosphorylation events, 
they must regulate serine-threonine-specif- 
ic protein kinases or phosphatases. The 
MAP kinases encoded by the ERK genes 
appear to be critical components in the 
conversion of tyrosine phosphorylation to 
signals that result in serine-threonine phos- 
phorylation, because they are phosphorylat- 
ed on tyrosine and threonine but phospho- 
rylate downstream components on serine 
and threonine (I). Two protein kinases 
function in sequence upstream of MAP 
kinase (2-6). One is a 45-kD protein, 
MEK, which phosphorylates MAP k i n a  
on the threonine and tyrosine regulatory 
sites and activates its serine-threonine ki- 
nase activity (24 ,  6, 7). MEK is in turn 
reported to be phosphorylated and activat- 
ed by the proto-oncogene product c-Raf 
(5). The biochemical mechanisms for a 
r;;mber of steps in this signal transduction 
pathway remain to be elucidated. We have 
determined the primary structure of MEK, a 
threonine-tyrosine kinase activator of MAP 
k' uses .  

We purified MEK to near homogeneity 
from phorbol ester-stimulated murine T 
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cell hybridomas (2). A single, autophos- 
phorylating 45-kD band was visualized by 
SDS-polyacrylamide gel electrophoresis. 
The amino acid sequences of tryptic pep- 
tides from this protein band show it to be a 
protein kinase related to the byrl gene 
product from Schi~osaccharomyces pornbe. 
Degenerate oligonucleotides were synthe- 
sized encoding part of two distinct peptides 
and were used in a polymerase chain reac- 
tion (PCR) with a sample of a murine 
pre-B cell cDNA library in lambda gtlO 
phage as a template (8). A 350-bp PCR 
product was obtained, and sequence analy- 
sis showed that it encoded the tryptic pep- 
tides used in the PCR primer design and 
confirmed its similarity to Byrl. This frag- 
ment was then used to probe 1 x lo6 phage 
plaques from the same cDNA library, and 
39 ~utative ~ositive clones were identified. 

h e  five Slones with the greatest hybrid- 
ization signal intensity were selected for 
further analysis. One of these clones, 4-3, 
was chosen for sequence analysis, which 
revealed an insert of 2150 bp. The Gen- 
Bank accession number for the DNA se- 
auence is I.02526. The startine methio- 
iine, which is a favorable initiation codon 
based on the Kozak rule (9), is at nucleotide 
41. This clone can encode a protein of 393 
amino acids, corresponding to a molecular 
sue of about 43.5 kD. This is similar to the 
sue of the enzyme purified from T cell 
hybridomas and that of the MAP kinase 
activators purified from murine 3T3 cells 

and Xenopw oocytes (2, 3, 6). Further- 
more, the predicted protein sequence of 
clone 4-3 includes 101 of the 102 amino 
acids present in the six tryptic peptides from 
the purified T cell protein (2). The one 
mismatch (amino acid 374 in peptide 6) 
was resolved upon reevaluation of the pep- 
tide sequencing data and appears to be 
Trp374, as encoded by the cDNA clone. 

It is possible that clone 4-3 is missing 5' 
untranslated sequence, as the size of the 
mRNA detected by Northern analysis (Fig. 
1) was approximately 2.5 kb. Northern 
analysis of duplicate RNA gels done in the 
absence of ethidium bromide, however, 
resulted in the hybridization to a 2.2-kb 
transcript. The tissue distribution of MEK 
mRNA was determined with clone 4-3 as a 
probe for hybridization with a blot of RNA 
from various mouse organs. The amount of 
MEK expression was highest in brain. 

To confirm that this cDNA encodes a 
kinase that phosphorylates the ERK gene 
product, a bacterially produced glutathio- 
nine-S-transferase-MEK fusion protein was 
assayed for catalytic activity. The MEK 
fusion protein phosphorylated a catalytical- 
ly inactive form of ERKl in vitro predom- 
inantly on tyrosine and, to a lesse; extent, 
on threonine (Fig. 2). A preparation of 
MEK purified from murine cells stimulated 
with phorbol ester and diluted to yield the 
same amount of activity phosphorylated 
similar proportions of tyrosine and threo- 
nine. This assay can be regarded only as a 
qualitative measure of h4EK activity be- 
cause the e r n e  from bacteria ~resumablv 
has not been activated by upstream compo- 
nents Dresent in animal cells. Moreover. 
the phosphopeptides recovered after pro- 
teolytic digestion of ERKl (K63M) phos- 
phorylated by mammalian MEK and recom- 
binant MEK were identical (10). The 
mechanism for substrate recoenition bv w 

MEK remains to be determined, however, 

Flg. 1. Tissue distribution of MEK expression. 
Total RNA (10 pg) from various C57lBI mouse 
tissues were Northern blotted and probed with 
oligonucleotide-labeled full-length MEK cDNA 
(25). Brn, brain; Hrt, heart; Int, intestine; Kid, 
kidney; Lun, lung; Spl, spleen; Tes, testis; Thy, 
thymus; and Liv, liver. Methylene blue-staining 
of the ribosomal RNA in each lane is shown to 
illustrate relative RNA concentrations. 
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