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ABSTRACT: Microtubule-associated protein 2 (MAP2) isolated from porcine brains stimulated the activity 
of D N A  polymerase a immunopurified from calf thymus or human lymphoma cells, in a dose-dependent 
manner. This stimulation was pronounced when activated D N A  or poly(dA)-(dT),o was used as the 
template-primer. D N A  polymerase a bound to a MAP24mmobilized column, whereas preincubation of 
the enzyme with unbound MAP2 prevented binding to the column. These events suggested that a physical 
binding occurred between the polymerase and MAP2. Kinetic analyses revealed that MAP2 decreased the 
K ,  value of the polymerase for deoxyribonucleotides, irrespective of the species of template-primer. A 
concomitant increase in V,,, was observed; however, the extent of the increase depended on the species of 
template-primer. MAP2 also decreased the K, value of the polymerase for template-primers when activated 
D N A  of poly(dA)-(dT),o was used as the template-primer. Product analyses showed that MAP2 did not 
significantly alter the processivity of the polymerase and the increment of V,,, is considered to be due to 
an increase in the frequency of initiation of D N A  synthesis. The stimulation by MAP2 occurred specifically 
in the activity of D N A  polymerase a, but not D N A  polymerases 0, y, and I from Escherichia coli. Other 
MAPS, tau and 190-kDa MAP, could substitute for MAP2. Thus, the specific stimulation of D N A  po- 
lymerase a by MAPS supports the notion of a possible involvement of MAPS or MAP-like proteins in D N A  
replication, in vivo. 

F. we types (a, 8, y, 6, and e) of DNA polymerases have been 
identified in eukaryotes (Burgers et al., 1990). Several lines 
of evidence show that DNA polymerases a and 6 are essential 
for chromosomal DNA replication whereas DNA polymerase 
8 may be involved in DNA repair and DNA polymerase y 
replicates mitochondrial DNA (Lehman & Kaguni, 1989). 
DNA polymerase t is most likely involved in DNA repair in 
HeLa cells (Syvaoja & Zinn, 1989). Recent investigations 
suggested that DNA polymerases a and 6 participate in the 
synthesis of lagging and leading strands, respectively, in the 
process of eukaryotic DNA replication (So & Downey, 1988; 
Blow, 1989). Purified DNA polymerase a is composed of 
several subunit polypeptides, including catalytic polypeptides 
of DNA polymerase a and DNA primase (Lehman & Kaguni, 
1989). Since purified DNA polymerase a cannot completely 
mimic in vivo DNA synthesis in vitro, it is assumed that the 
enzyme acts in conjunction with other protein factors, forming 
a putative DNA replication machinery (Reddy & Pardee, 
1980; Jazwinski & Edelman, 1982; Ottiger & Hiibscher, 1984; 
Shioda, 1986; Tub0 & Berezney, 1987b). 

Microtubule-associated protein (MAP)' is the general term 
for accessory proteins which associate with microtubules, one 
of the major cytoskeletal components, and stimulate the as- 
sembly of microtubules (Dustin, 1984). MAP1, MAP2, and 
tau are major MAPS localized mainly in neural cells (Dustin, 

1984; Vallee et al., 1984; Wiche, 1989), while 190-kDa MAP 
is widely distributed to nonneural cells (Kotani et al., 1988). 
It was noted that MAP2, tau, and 190-kDa MAP share 
common sequences in binding sites to microtubules (Lee et 
al., 1988; Lewis et al., 1988; Aizawa et al., 1989). Since 
microtubules are present almost exclusively in the cytoplasm, 
it has been considered that MAPS function in the cytoplasm 
as part of the microtubular structure (Dustin, 1984; Vallee 
et al., 1984). However, parts of MAP1 and MAP2, or proteins 
immunologically related to them, were found to be present in 
phosphorylated forms in the nuclei of actively proliferating 
mammalian cells in culture (Sato et al., 1985a,b, 1986, 1988). 
Furthermore, an association of MAPZlike proteins with the 
nuclear matrix was noted in rat liver cells (Nakayasu et al., 
1988). These findings suggest the possibility that MAPS or 
MAP-like proteins may participate in DNA replication in the 
nucleus. Most recently, we reported that MAP2 stimulated 
in vitro DNA synthesis catalyzed by the isolated nuclear 
matrix (Shioda et al., 1989). This finding provides support 
for the above-mentioned possibility, since the putative DNA 
replication machinery containing DNA polymerase a is con- 
sidered to function on the nuclear matrix (Smith & Berezney, 
1982; Tubo & Berezney, 1987a,b). We postulated that MAP2 
stimulated DNA synthesis by interacting with DNA polym- 
erase CY present in the nuclear matrix (Shioda et al., 1989). 
In the present study, we examined the direct effects of MAP2 
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EXPERIMENTAL PROCEDURES 

Materials. Unlabeled deoxyribonucleoside 5'-triphosphates 
(dATP, dCTP, dGTP, and dTTP) were obtained from 
Boehringer Mannheim (Mannheim, FRG). [3H]dATP (23 
Ci/mmol), [3H]dCTP (25 Ci/mmol), [3H]dGTP (20 Ci/ 
mmol), [3H]dTTP (70 Ci/mmol), [ c Y - ~ ~ P I ~ A T P  (3000 Ci/ 
mmol), and [ L Y - ~ ~ P ] ~ T T P  (3000 Ci/mmol) were purchased 
from TCN Radiochemicals (Irvine, CA). Poly(dA) (average 
length 260 base pairs), poly(dT) (average length 770 base 
pairs), (rA),o, (dA),*+ and (dT),, were from PL-Pharmacia 
(Uppsala, Sweden). Calf thymus DNA was obtained from 
Sigma Chemical Co. (St. Louis, MO) and was activated as 
described (Fanslar & Loeb, 1974). Affi-Gel 10 was provided 
from Bio-Rad (Richmond, CA). 

DNA Polymerases. DNA polymerase a containing DNA 
primase was purified from calf thymus and Raji cells (human 
Burkitt's lymphoma cell line) by means of immunoaffinity 
column chromatography using monoclonal antibody (MT- 17) 
directed against calf thymus DNA polymerase a, as described 
(Tamai et al., 1988). The purified calf thymus and Raji cell 
polymerase preparations had a specific activity of 1250 and 
1000 units/mg (1 unit corresponds to 1 nmol of dNMPs in- 
corporated in 1 h with activated DNA as the template-primer 
under the present standard assay conditions in the presence 
of 60 pM each of dATP, dCTP, dGTP, and dTTP), respec- 
tively, and the former was composed of 140-, 50-, and 47-kDa 
polypeptides and the latter of 180-, 70-, 60-, and 50-kDa 
polypeptides with minor bands of 165- and 140-kDa poly- 
peptides. DNA polymerases p and y were purified from calf 
thymus and human acute myelogeneous leukemia cells, re- 
spectively, as described (Yoshida et al., 1979; Tanaka et al., 
1987). Xenopus ovarian DNA polymerase a which corre- 
sponds to DNA polymerase a-primase complex designated 
al (Shioda et al., 1982) was a generous gift from Dr. R. M. 
Benbow (Department of Zoology, Iowa State University). 
Physarum DNA polymerase a was partially purified by the 
method of Shioda et al. (1989). Escherichia coli DNA po- 
lymerase l (Klenow fragment) was from PL-Pharmacia. 

Preparation of MAPS. MAP2 and tau were purified from 
porcine brains according to the method of Kotani et al. (1985); 
190-kDa MAP was purified from bovine adrenal cortex, as 
described (Murofushi et al., 1986). 

Assay for  DNA Polymerase Activity. DNA polymerase 
activity was determined by the incorporation of radioactive 
dNMPs into the acid-insoluble materials with calf thymus 
activated DNA or synthetic polynucleotide-oligonucleotide 
complex as a template-primer. The standard reaction mixture 
contained 25 mM Tris-HCI (pH 7 . 3 ,  20 pM each of dATP, 
dCTP, and dGTP, 0.5 pM TTP containing 0.5 pCi of [3H]- 
dTTP (10000 cpm = 1.0 pmol of dTTP), 7 mM MgCI,, 40 
mM NaCl, 2 mM 2-mercaptoethanol, 2 pg of calf thymus 
activated DNA, 10 pg of bovine serum albumin, and 10% 
glycerol in a final volume of 25 pL. Incubation was carried 
out at 37 "C for 60 min, and acid-insoluble radioactivity was 
determined after the addition to 25 pL of a solution containing 
1.0% sodium dodecyl sulfate, 100 mM Tris-HC1 (pH 8.0), 0.5 
M NaCI, 50 mM EDTA, and 2 mM ATP, as described 
(Shioda et al., 1980). 

To determine the stimulatory activity of MAPS on DNA 
polymerases, the assay was carried out in the absence and 
presence of MAPs. The enzyme reaction was started by the 
addition of DNA polymerase a, and the activity of MAPS 
required to stimulate the enzyme activity was expressed as the 
ratio dNMP incorporated in the presence of MAPS to that in 
the absence of MAPs. 

MAP2 Affinity Column Chromatography. MAP2 (0.4 mg) 
dissolved in 2 mL of 0.1 M 2-(N-morpholino)ethanesulfonic 
acid (pH 6.8), 1 mM EGTA, and 0.5 mM MgC12 was mixed 
with 0.3 mL of Affi-Gel 10 and the preparation incubated 
overnight at 4 "C with gentle swirling. After the coupling 
reaction, the gel was blocked with 0.1 M Tris-HCI (pH 7.0). 
Most of the applied MAP2 was immobilized in the gel. An 
aliquot of the gel was packed to a column (column size 30 pL), 
and the column was equilibrated with 25 mM Tris-HCI (pH 
7.5), 5 mM 2-mercaptoethanol, 1 mM EDTA, 20% glycerol, 
and 1 mg/mL bovine serum albumin. For the preparation of 
control columns, coupling was performed in the absence of 
protein or in the presence of 1.3 mg/mL bovine serum albu- 
min. To the column was applied 1.25 pg of DNA polymerase 
a, and the column was incubated for 15 min at room tem- 
perature. After washing out the unbound enzyme with the 
buffer solution used for equilibration, the adsorbed enzyme 
was eluted with the buffer solution containing 0.2 M NaC1. 

Product Analysis by Gel Electrophoresis. In order to 
measure the processivity of DNA polymerase a, DNA syn- 
thesis was carried out as described above, except that temp- 
late-primers and radioactive precursors were replaced as in- 
dicated in each figure legend, based on the method of Detera 
et al. (1981) with some modifications. 32P-Labeled DNA 
products were isolated with phenol extraction and ethanol 
precipitation, according to the method of Maniatis et al. 
(1982), and subjected to gel electrophoresis on 25% poly- 
acrylamide-7 M urea, as described (Maxam & Gilbert, 1977). 
When (rA)lo was used as the primer, the isolated 32P-labeled 
products was treated with 0.3 N NaOH for 17 h at 37 "C 
before gel electrophoresis. Gel electrophoresis was performed 
at 500 V/ 14 cm for 3-4 h. The position of newly synthesized 
DNA in the gel was determined by autoradiography (Maniatis 
et al., 1982) or by counting the radioactivity of the gel slices 
(3 mm each) in a liquid scintillator (Aquasol, New England 
Nuclear, Boston, MA). 

RESULTS 
Dose-Dependent Stimulation of DNA Polymerase a Ac- 

tivity by MAP2. When activated DNA was used as the 
template-primer, the DNA polymerase a reaction was linear 
for at least 60 min. With the addition of MAP2, marked 
stimulation of the enzyme activity was observed at almost a 
constant rate of activation for at least 60 min; 7-10-fold ac- 
tivation of DNA polymerase a activity was observed by adding 
an excess amount of MAP2 to varying amounts of the po- 
lymerase, up to at least 200 ng. Preincubation of MAP2 with 
the polymerase led to no further stimulation of the activity. 
When the MAP2 preparation was subjected to gel filtration, 
the activity which stimulated DNA polymerase a was coeluted 
with MAP2 molecules (figure not shown). This result was 
identical to that for stimulation by gel-filtered MAP2 of DNA 
synthesis catalyzed by the nuclear matrix (Shioda et al., 1989). 
These results indicate that the MAP2 molecule itself, but not 
other minor components contaminating the MAP2 preparation, 
had the potential to stimulate DNA polymerase a activity. 
Essentially the same results as above were obtained, when Raji 
cell DNA polymerase a was used instead of calf thymus DNA 
polymerase a (figure not shown). 

In the presence of a constant amount of DNA polymerase 
a, the enzyme activity increase linearly with increasing con- 
centrations of MAP2 and reached a plateau level of stimulation 
(about 10-fold) (Figure 1A). When we increased the amount 
of polymerase, the minimum concentration of MAP2 required 
to attain the plateau level of stimulation was increased with 
the amount of the polymerase (Figure 1A). The plateau level 
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Table I:  Temolate SDecificitv of the Stimulation of DNA Polvmerase a bv MAPZa 
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DNA polymerase activityb 

-MAP2 +MAP2 stimulation -MAP2 +MAP2 stimulation 
0.5 pM dXTP 40 pM dXTF"' 

(x-fold) template-primer substrate (pmol) (pm4  (x-fold) (pmol) (pmol) 
calf thymus DNA 

native [3H]dTTP + 3NTPs 0.19 0.36 1.9 
denatured ['HIdTTP + 3NTPs 0.16 0.48 3.0 

poly(dT).poly(dA) ['HIdATP + 3NTPs 0.25 0.35 1.4 
poly(dT) [)H]dATP + 3NTPs 0.15 0.35 2.3 

activated ['HIdTTP + 3NTPs 1 .oo 11.80 11.8 9.1 30.1 3.3 

poly(dT).(rA) ['HIdATP + 3NTPs 1.3 4.50 3.5 17.5 18.0 1 .o 
PolY(dT)*(rA)ld ['HIdATP + 3NTPs 1.2 2.40 2.0 15.0 17.9 1.2 
poly(dT)*(dA)12-18' ['HIdATP + 3NTPs 0.1 0.44 4.4 
poly(dA).(dT)io' [3H]dTTP + 3NTPs 0.23 2.31 10.3 6.4 56.8 8.9 
POlY(dA).(dT) Id ['HIdTTP + 3NTPs 0.21 2.00 9.5 6.3 66.2 10.5 

ODNA synthesis was carried out using 25 ng of calf thymus DNA polymerase a in the absence (-MAP) or presence (+MAP) of MAP2 (0.1 
mg/mL), as described in the text, except that the template-primer and substrates were replaced as indicated in the table; 2.0 pg of calf thymus DNA 
or 1.0 pg of artificial DNA per assay (25 pL) was used as the template-primer. bLabeled substrate incorporated. cIn the presence of 0.5 pM labeled 
and 20 pM each of unlabeled substrates. the presence of 40 pM labeled and 100 pM each of unlabeled substrates. CPrimer (micrograms)/ 
template (micrograms) = 0.5. 'Primer (micrograms)/template (micrograms) = 0.1. 

of the stimulation rate was fairly constant, regardless of the 
amount of the polymerase; 625 ng of MAP2 was required to 
fully stimulate 25 ng of DNA polymerase CY under the standard 
conditions, the molar ratio of MAP2 to the polymerase being 
21, where the molecular masses of MAP2 and of the polym- 
erase were assumed to be 270 and 240 kDa, respectively. The 
concentration of NaCl in the assay mixture affected the 
stimulation of the polymerase activity by MAP2 (Figure 1B). 
The rate of stimulation decreased by increasing the concen- 
tration of NaCI; the highest stimulation (20-fold) was noted 
in the absence of NaCI, and little stimulation occurred in the 
presence of 100 mM NaCI. With the decreased in NaCl 
concentration, the minimum amount of MAP2 required to 
attain the plateau level of stimulation was decreased (Figure 
1 B). The molar ratio of MAP2 to the polymerase required 
to attain full stimulation was 8 in the absence of NaCl in 25 
ng of DNA polymerase a. 

Physical Binding between DNA Polymerase a and MAP2. 
To search for possible physical binding between DNA po- 
lymerase a and MAP2, we made use of affinity chromatog- 
raphy using an MAPZimmobilized column. About 50% each 
of the applied polymerase was recovered in the unadsorbed 
and adsorbed fractions, respectively, where the recovery of the 
polymerase activity was almost 100% (Figure 2A). On the 
other hand, almost all the polymerase activity was recovered 
in the unadsorbed fraction with little activity in the 0.2 M 
NaCl eluate, when control columns with no immobilized 
proteins (not shown) or with bovine serum albumin (Figure 
2B) were used. When the enzyme was preincubated with an 
excess amount of MAP2 being applied to the MAP2-immo- 
bilized column, little binding of the polymerase was observed 
(Figure 2C). These results show that the specific association 
of DNA polymerase CY and MAP2 occurs under the experi- 
mental conditions we used. 

Template-Primer Specificity of the Stimulation of DNA 
Polymerase a by MAP2. Template-primer specificity of the 
stimulation of DNA polymerase a activity by MAP2 is sum- 
marized in Table I. When calf thymus DNA was used, the 
stimulation rate was low ( 1  .Pfold) with native DNA, moderate 
(3.0-fold) with denatured DNA, and high (1 1 .&fold) with 
activated DNA. A similar tendency was observed with the 
artificial template-primers, in the following order: double- 
strand DNA such as poly(dT).poly(dA), single-stranded DNA 
such as poly(dT), and single-stranded DNA with oligo- 
nucleotide primer such as poly(dT).(rA),o, poIy(dT)-(dA)12-IS, 

* t  

n 40t :-I 
20 I /  
0 v 2  0 10 20 30 60 

MAP2 (vg/ml) 
FIGURE 1 : Dose-dependent stimulation of DNA polymerase CY activity 
by MAP2. (A) Relationship between stimulation and the concen- 
tration of MAP2 with various amounts of DNA polymerase a. DNA 
synthesis was carried out in the presence of the indicated concentration 
of MAP2, using 25 (0), 12 (O) ,  and 6 ng (A) of calf thymus DNA 
polymerase a,  as described in the text. (B) Effect of NaCl on the 
stimulation. DNA synthesis was carried out in the presence of the 
indicated concentration of MAP2 using 25 ng of calf thymus DNA 
polymerase a, as described in the test, except that the NaCl con- 
centration in the reaction mixture was changed to 0 (O), 50 (@), or 
100 mM (A). 
and poly(dA).(dT)lo. In the absence of MAP2, DNA po- 
lymerase activity was higher with poly(dT).(rA),, than with 
poly(dA).(dT) lo; however, activation of the enzyme by the 
addition of MAP2 was greater with poly(dA)-(dT),, than with 
poly(dT)-(rA),o. The rate of stimulation by MAP2 with the 
former was comparable to the case of calf thymus activated 
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FIGURE 2: Binding of DNA polymerase a to an MAP24mmobilized 
affinity column. An MAP2-immobilized (A and C) or a bovine serum 
albumin immobilized (B) column (volume, 30 pL) was prepared and 
equilibrated as described in the text. Calf thymus DNA polymerase 
a (1.25 p g )  was applied to each column. In the case of (C), the 
polymerase was preincubated with 13 pg  of MAP2 (final concentration, 
0.5 mg/mL) for 15 min at room temperature in 25 mM Tris-HCI 
(pH 7.9, 1 mM EDTA, 5 mM 2-mercaptoethanol, and 20% glycerol 
and applied to the MAPS-immobilized column. After incubation of 
the column for 15 min at room temperature, unadsorbed enzyme was 
recovered by washing the column with 180 pL of 25 mM Tris-HCI 
(pH 7 . 9 ,  1 mM MgCI,, 5 mM 2-mercaptoethano1, 1 mg/mL bovine 
serum albumin, and 20% glycerol, followed by elution of the bound 
enzyme with 180 pL of the above solution containing 0.2 M NaCI. 
Three drops each of the fractions were collected (30 pL). Samples 
(2.5 pL) of the fractions were mixed with 2.5 pL of MAP2 (1 mg/mL) 
and assayed for DNA polymerase activity, as described in the text. 
Arrows show the fraction from which elution was carried out with 
the buffer solution containing 0.2 M NaCI. 

DNA. Almost the same stimulation rates were observed re- 
gardless of the length of the single-stranded region in poly- 
(dA).(dT),, or poly(dT).(rA),,,, determined by the ratio of the 
amounts of the template to the primer. These results are 
interpreted to mean that stimulation occurred depending on 
the species of primers rather than those of templates and the 
length of the single-stranded region of the templates. 

In the standard assay conditions, a low concentration (0.5 
pM) of dNTP was used to enhance the stimulatory effect of 
MAP2; however, DNA polymerase CY was not fully active in 
these conditions. Thus, the stimulation was also examined in 
the presence of a higher (40 pM) concentration of dNTPs, 
under which the polymerase was fully active (Table I). Under 
this condition, a similar tendency of template preference was 
observed, but the degree of stimulation was only one-third of 
that in the presence of 0.5 pM dNTPs, when activated DNA 
and poly(dT)-(rA),, were used. However, in the case of 
poly(dA).(dT),,, a similar degree of stimulation was noted, 
regardless of the concentration of dTTP. 

Mode of Stimulation. ( a )  Effect of MAP2 on the K ,  of 
DNA Polymerase CY for  dNTPs. Figure 3 shows the rela- 
tionship between the concentration of dNTPs and the stimu- 
lation of DNA polymerase CY activity by MAP2 with activated 

dTTP ( p M )  1 / C S l  ( p 4 - l )  

FIGURE 3: Effect of MAP2 on the relationship between the con- 
centration of dNTPs and DNA polymerase a activity. Calf thymus 
DNA polymerase a (I25 ng) was assayed with the indicated con- 
centrations of dNTPs in the absence (0) and presence (@) of MAP2 
(0.1 mg/mL) as described in the text. Activated DNA (A), poly- 
(dT).(rA),, (B), or poly(dA).(dT),, (C) was used as the template- 
primer. In all cases, the reaction mixture contained the indicated 
species and concentrations of a dNTP containing radioactivity (1 pmol 
= 1000 cpm) and a I 0 0  pM sample of each of the other three dNTPs. 
Panels a, b, and c correspond to the double-reciprocal plots of panels 
A, B, and C, respectively. K ,  values (and corresponding V , ,  values) 
for dTTP, dATP, and dTTP in panels A, B, and C, respectively, 
determined by the plots were as follows: (A) 1.3 pM (5.0 pmol/h) 
and 25.0 p M  (12.5 pmol/h) in the absence of MAPZ; 1.25 pM (29.5 
pmol/h) in the presence of MAP2; (B) 1.25 pM (15.0 pmol/h) and 
20.0 p M  (28.0 pmol/h) in the absence of MAP2; 1.14 pM (27.1 
pmol/h) in the presence of MAP2; (C) 1.3 pM (0.95 pmol/h) and 
25.0 pM (3.85 pmol/h) in the absence of MAP2; 1.4 pM (29.4 
pmol/h) in the presence of MAP2. 
DNA (Figure 3A), poly(dT).(rA),, (Figure 3B), or poly- 
(dA)-(dT),, (Figure 3C) used as the template-primer. When 
activated DNA was used in the absence of MAP2, the po- 
lymerase activity was enhanced with increasing concentrations 
of dTTP, in a biphasic manner (Figure 3A). Double-reciprocal 
plots of these results clearly show the biphasic relationship 
between the enzyme activity and the concentration of dTTP 
(Figure 3a). Thus, the polymerase had two apparent K ,  values 
for dTTP: the lower K, value of 1.3 pM ( Vmx = 5.0 pmol/h) 
and the higher K, value of 25.0 pM ( V , ,  = 2.5 pmol/h). On 
the other hand, in the presence of MAP2, DNA polymerase 
CY activity increased markedly in a monophasic manner, and 
a plateau level was reached with about 20 p M  (Figure 3A). 
Double-reciprocal plots gave a single linear line (Figure 3a). 
K, and V , ,  for dTTP were calculated to be 1.25 pM and 29.5 
pmol/h, respectively. Thus, it is apparent that the addition 
of MAP2 alters the biphasic feature of the polymerase for 
dTTP to a monophasic one, with a concomitant disappearance 
of the higher K,  value. Accompanying the alteration of K,,, 
for dTTP, MAP2 increased the V,,, severalfold. Conse- 
quently, the pronounced stimulation of the polymerase activity 
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Table 11: Changes in K ,  Values of DNA Polymerase a for dNTPs 
by MAP2O 
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Table 111: Changes in K, Values of DNA Polymerase a for 
Template-Primer by MAP2a 

-MAP2 +MAP2 

Vmax Vmax 
template-primer K ,  (pmol/h) K, (pmol/h) 
activated DNA 10.3 pg/mL 190 2.5 pg/mL 600 
poly(dT).(rA),ob 0.97 pMC 220 0.95 pMC 250 
Dolv(dAb(dT)tnb 20.0 uMC 125 2.1 uMc 1600 

K, value for dNTPs 
substrate -MAP2 (pM) +MAP2 (pM) 

dATP 1 . 1  f 0.2 ( 3 )  1.7 f 0.7 (3) 

dCTP 0.9 f 0.2 (3) 1.5 f 0.9 (3) 

dGTP 1.3 f 0.3 (4) 2.2 f 1 . 3  (3) 

dTTP 1 . 1  f 0.1 (4) 1.6 f 0.7 (9) 

23.3 f 8.5 (3) 

24.0 f 6.1 (3) 

22.8 f 5.3 (4) 

24.0 f 2.4 (4) 
p a  DNAsynthesis was carried out using 125 ng of calf thymus DNA 
polymerase a, as described in the legend of Figure 3A, except that 
concentrations of the indicated dNTPs were changed in the presence of 
100 pM each of the other three dNTPs and the apparent K ,  value was 
estimated. Data are the mean f SE. Numbers in parentheses repre- 
sent the number of exDeriments. 

by MAP2 with a low concentration of dTTP can be ascribed 
to the decrease in the K, value for dTTP and to an increase 
in V,,,, while moderate stimulation with a high concentration 
of dTTP stemmed mainly from the increase in Vmx. The same 
alteration by the addition of MAP2 occurred with respect to 
other deoxyribonucleotides, dATP, dCTP, and dGTP (Table 
11). 

When poly(dT).(rA),o (Figure 3B) or poly(dA)-(dT)lo 
(Figure 3C) was used in the absence of MAP2, the polymerase 
activity changed biphasically with the concentration of dATP 
or dTTP. The K ,  values for dATP (1.25 and 20 pM) or dTTP 
(1.3 and 25.0 pM) were practically equal to those obtained 
in the case of activated DNA (Figure 3A). In the presence 
of MAP2, a monophasic profile was obtained, and the K,  
values for dATP with poly(dT)-(rA),, as the template-primer 
and for dTTP with poly(dA).(dT),, were calculated to be 1.1 
and 1.4 pM, respectively. These values were close to those 
obtained in the case of activated DNA in the presence of 
MAP2. Thus, the K, values for dNTPs were practically equal, 
and the mode of alteration by the addition of MAP2 was the 
same regardless of the species of template-primer. 

On the other hand, in the absence of MAP2, V,,, values 
depended on the species of the template-primer. An increase 
in the V,,, occurred by adding MAP2; however, the degree 
of the increase depended on the species of template-primer: 
7.8-fold 2.4-fold, and 1 -0-fold with poly(dA).(dT),,, activated 
DNA, and poly(dT).(rA) ,,, respectively, in the presence of 
40 pM dNTPs. Therefore, it can be concluded that stimulation 
of DNA polymerase a activity by MAP2 is due to the decrease 
in the K ,  for dNTPs, irrespective of the template-primer, and 
the increase in V,,,, depending on the species of template- 
primer. 

Essentially the same results as above were obtained when 
Raji cell DNA polymerase a was used instead of calf thymus 
DNA polymerase a: K ,  values (corresponding V,,,) for 
dTTP, dATP, and dTTP, when activated DNA, poly(dT). 
(rA),,, and poly(dA).(dT),, were used as the template-primers, 
respectively, were 1.1 pM (8.7 pmol/h) and 23 pM (16 
pmol/h) in the absence of MAP2 and 0.8 pM (30 pmol/h) 
in the presence of MAP2, 1.7 pM (16 pmol/h) and 20 pM 
(34 pmol/h) in the absence of MAP2 and 2.0 pM (36 pmol/h) 
in the presence of MAP2, and 1.1 pM (1.5 pmol/h) and 27 
pM (4.2 pmol/h) in the absence of MAP2 and 1.0 pM (32 
pmol/h) in the presence of MAP2, respectively. 
(6) Effect of MAP2 on the K,'s of DNA Polymerase a for 

Template-Primers. The relationship between DNA polym- 
erase a activity and the concentration of the template-primers 
was examined in the presence of a high concentration (40 pM 

~~~ 

"DNA synthesis was carried out using 125 ng of calf thymus DNA 
polymerase a in the absence (-MAP2) or presence (+MAP2) of 
MAP2 (0.1 mg/mL), as desribed in the legend of Figure 3, except for 
varying the concentrations of the template-primers indicated in the ta- 
ble and fixing the concentration of each of four dNTPs to 40 pM. 
When activated DNA, poly(dT).(rA)lo, and poly(dA).(dT)lo were used 
as the template-primer, incorporation of ["H]dTMP, [3H]dAMP, and 
[3H]dTMP (1.0 pmol = 1000 cpm in each case) was measured, re- 
spectively, and the kinetic parameters were estimated by double-recip- 
rocal plot analysis. Primer (micrograms)/template (micrograms) = 
0.5. CValues represent the concentration of primer. 

each) of dNTPs, using activated DNA, poly(dT).(rA)lo, or 
poly(dA).(dT),, as the template-primer. In the absence of 
MAP2, the polymerase activity was enhanced with increasing 
concentrations of each of the template-primers. Double-re- 
ciprocal plot analyses showed a monophasic relationship be- 
tween the enzyme activity and the concentration of the 
template-primer (data not shown). In the presence of MAP2, 
a similar monophasic relationship with stimulation of the 
enzyme activity was obtained (data not shown). Changes in 
kinetic parameters caused by the addition of MAP2 are sum- 
marized in Table 111. The K, value for the template-primer 
tended to decrease by adding MAP2; however, the extent of 
the decrease depended on the template-primer: 4-fold, ,l-fold, 
and 1 0-fold with activated DNA, poly(dT).(rA),,, and poly- 
(dA).(dT),,, respectively. In the presence of MAP2, V,,, 
increased 3.2-fold, 1.1-fold, and 12.8-fold with activated DNA, 
poly(dT).(rA)lo, and poly(dA).(dT),,, respectively, roughly 
in parallel with the degree of the decrease of K,. 

When Raji cell DNA polymerase a was used instead of calf 
thymus DNA polymerase a, K, values of the enzyme for 
activated DNA, poly(dT).(rA),,, and poly(dA)-(dT),,, were 
estimated to be as follows: 11.1 pg/mL in the absence of 
MAP2 and 3.1 pg/mL in the presence of MAP2, 0.75 pM in 
the absence of MAP2 and 0.80 pM in the presence of MAP2, 
and 25.0 pM in the absence of MAP2 and 1.8 pM in the 
presence of MAP2, respectively, where the values were rep- 
resented as the amount of primer in the case of poly(dT).(rA)lo 
and poly(dA).(dT),,. 

(c)  Product Analysis by Gel Electrophoresis. DNA syn- 
thesis was performed with poly(dT).(rA)lo or poly(dA).(dT) 
as the template-primer in the presence of 40 pM dNTPs, under 
conditions in which the molar ratio of the incorporated dNMP 
to the primer was less than 1/100, in order to decrease the 
frequency of reinitiation of DNA synthesis on the same primer 
to a low level. In the case of poly(dT)-(rA),,, incorporation 
of dAMP increased linearly with incubation time, and the rates 
of incorporation in the absence and presence of MAP2 were 
not so different. Gel electrophoresis of the 32P-labeled DNA 
product showed that synthesized DNA was 10-25 bases re- 
gardless of the incubation time, at least up to 60 min (Figure 
4A), thereby indicating that the processivity of the polymerase 
was 10-25 bases with poly(dT).(rA),,, under the conditions 
used. The addition of MAP2 led to no significant change in 
size of the synthesized DNA (Figure 4A); thus, MAP2 ap- 
parently had no effect on the processivity. 

When poly(dA).(dT) was used as the template-primer, the 
rate of incorporation of dTMP into DNA in the presence of 
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FIGURE 4: Effect of MAP2 on the processivity of DNA polymerase 
a. (A) Processivity with poly(dT)*(rA)l,,, DNA synthesis was carried 
out using 20 ng of calf thymus DNA polymerase a in the absence 
(-MAP) or presence (+MAP) of 0.1 mg/mL MAP2, as described 
in the text, except that 4.0 pg of poly(dT)*(rA)lo [the primer (mi- 
crograms) to template (micrograms) ratio was 0. l,  and the amount 
of primer was 120 pmol and 40 pM each of four kinds of dNTP 

and substrates, respectively. After incubation for 15 and 30 min at 
37 OC, 32P-labeled products were isolated, as described in the text, 
followed by treatment with 0.3 N NaOH for 17 h at 37 "C to degrade 
the (rA)lo. The amount of dAMP incorporated into DNA was 0.4 
(-MAP2, 15-min incubation), 0.8 (-MAP2,30-min incubation), 0.5 
(+MAP2, 15-min incubation), and 1 .  I pmol (+MAP2, 30-min in- 
cubation). About one-eighth of the 32P-labeled products was subjected 
to electrophoresis using a 25% polyacrylamide7 M urea gel at 500 
V/ 14 cm for 3 h, 30 min and autoradiography, as described in the 
text. (B) Processivity with poly(dA)-(dT),,. DNA synthesis was 
carried out using 100 or 10 ng of calf thymus DNA polymerase a 
in the absence (-MAP) or presence (+MAP) of MAP2 (0.1 mg/mL), 
respectively, for 30 and 60 min, as described in the text, except that 
4.0 pg of poly(dA)*(dT),o [the primer (micrograms) to template 
(micrograms) ratio was 0.1, and the amount of the primer was 120 
pmol] and 40 pM each of four kinds of dNTP containing 15 pCi of 
[ c ~ - ~ ~ P ] ~ T T P  were used as the template-primer and substrates, re- 
spectively. The amounts of dTMP incorporated into DNA were 0.4 
(-MAP2,30-min incubation), 0.8 (-MAP2, 60-min incubation), 0.5 
(+MAP2, 30-min incubation), and 0.9 pmol (+MAP2, 60-min in- 
cubation). About one-fourth of the 32P-labeled products was analyzed 
by gel electrophoresis, without NaOH treatment, as described in (A). 
Gel electrophoresis was performed at 500 V/ 14 cm for 3 h, 15 min. 
(C) Quantitative analysis of processivity. After gel electrophoresis 
and autoradiography, as described in (B), the gels were cut into 3-mm 
slices, and the radioactivity of each slice was counted, as described 
in the text. (0) and (0) represent the results of 15-min incubation 
with and without MAP2, respectively. Total radioactivities of the 
former and the latter were 2368 and 9476 cpm, respectively. 

containing 10 pCi of [a-3 1 P]dATP were used as the template-primer 

Table IV: Stimulatory Effect of MAP2 on Various Kinds of DNA 
Polymerase" 

DNA polymerase activity 
-MAP2 +MAP2 stimulation 

DNA polymerase (source) (pmol) (pmol) (x-fold) 
a (human, Raji cell) 0.24 2.20 9.2 
a (calf thymus) 0.76 7.80 10.3 
a (Xenopus ovary) 0.10 1.10 11.0 
a (Physarum polycephalum) 0.20 2.00 10.0 
/3 (calf thymus) 0.56 0.60 1 . 1  
y (human leukemia cell) 0.36 0.32 0.9 
1 (E. coli) 0.60 0.61 1 .o 
OVarious kinds of DNA polymerase were prepared as described in 

the text. DNA synthesis was carried out using the DNA polymerase 
indicated in the standard reaction mixture in the absence (-MAP2) 
and presence (+MAP2) of MAP2 (0.5 mg/mL) as described in the 
text. 

MAP2 was IO-fold higher than that in its absence. The size 
of the synthesized DNA, including a 10-base primer in the 
absence of MAP2, was 13-30 bases long, regardless of the 
incubation time up to 60 min (Figure 4B). Thus, the pro- 
cessivity of the polymerase is 3-20 bases. The size of the 
synthesized DNA in the presence of MAP2 was not signifi- 
cantly altered, except for the appearance of low amounts of 
longer DNA as smear bands, regardless of the incubation time 
(Figure 4B). Figure 4C shows a quantitative representation 
of the results of Figure 4B. In the absence of MAP2, 96% 
of the synthesized DNA was distributed in the region of 13- 
30-base DNA, while in the presence of MAP2, 86% was in 
the same region, with 14% distributed in the region of DNA 
longer than 30 bases. These results suggest that MAP2 in- 
creased the processivity to some extent, but the major part of 
the synthesized DNA remained unchanged in length. Thus, 
an increase in the incorporation of dTMP by MAP2 is con- 
sidered to be mainly due to increases in the frequency of 
initiation of DNA synthesis. 

When Raji cell DNA polymerase a was used instead of calf 
thymus DNA polymerase a, MAP2 did not affect the pro- 
cessivity of the enzyme; the processivity of the enzyme was 
estimated to be 10-20 and 2-35 bases with poly(dT)-(rA)lo 
and poly(dA)-(dT),, as the template-primer, respectively, in 
the absence and presence of MAP2. 

Stimulatory Effect of MAP2 on Various DNA Polymer- 
ases. MAP2 stimulated the activity of DNA polymerase a 
from a wide variety of eukaryotic cells (human lymphoma cells, 
calf thymus, Xenopus ovary, and Physarum polycephalum), 
whereas no such stimulation was detected in DNA polymerases 
0, y, and I from E. coli (Table IV). All of the DNA po- 
lymerase cy preparations represented in the table had two 
apparent K ,  values for dTTP in the absence of MAP2, while 
they had only the lower K ,  value for dTTP in the presence 
of MAP2 (data not shown), the results being similar to those 
in Figure 3A. These results suggest that the stimulatory effect 
of MAP2 is specific for DNA polymerase a, which has two 
apparent K,  values for dNTPs, irrespective of the cell species 
from which the enzymes were prepared. 

Stimulatory Effect on DNA Polymerase cy by Various 
MAPs. The stimulatory effect on DNA polymerase cy activity 
was examined in excess amounts of various MAPs (Table V). 
Significant stimulation of the polymerase activity was detected 
in MAP2, tau, and 190-kDa MAP. Although the maximal 
rate of stimulation was not the same in each case, the ability 
to stimulate DNA polymerase cy was shared by these MAPs. 
On the other hand, bovine serum albumin, tubulin, and actin 
which were used as controls did not significantly stimulate the 
enzyme activity. 
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a with different K ,  values for dNTP or whether the prepa- 
ration contains only one form of the polymerase with two 
different K ,  values. Calf thymus DNA polymerase a used 
in the present experiments was composed of 140-, 50-, and 
47-kDa polypeptides, values different from those reported by 
other workers (Nasheur & Grosse, 1987). Therefore, it might 
be that the stimulation of enzyme activity by MAP2 is re- 
stricted to the enzyme composed of those kinds of subunits. 
However, this is not the case, because the stimulation occurred 
in DNA polymerase a purified from Raji cells mainly com- 
posed of 180-, 70-, 60-, and 50-kDa polypeptides with a slight 
contamination of 165- and 140-kDa polypeptides, the subunit 
composition being comparable to those reported (Lehman & 
Kaguni, 1989). On the other hand, the potentiality of the calf 
thymus enzyme to be activated by MAP2 was lost by long 
storage of the polymerase with the disappearance of the bi- 
phasic feature for dNTPs, i.e., the loss of the higher K ,  for 
dNTPs. In this case, a change in the size of the subunits did 
not occur (unpublished results). This would suggest that 
differences in the conformation or modification of DNA po- 
lymerase exist between MAPZsensitive polymerase, which has 
high and low K,’s for dNTPs, and MAP2-insensitive polym- 
erase, which has only a low K ,  for dNTPs. Racine and Morris 
(1978) found that one of two forms of DNA polymerase a in 
sea urchin embryos has high (31 pM) and low (0.75 pM) K,’s, 
for dNTPs, and pointed out that the high K ,  tended to be 
ignored. Hence, the presence of DNA polymerase a with high 
and low Km’s for dNTPs is not unusual. Further studies are 
required to elucidate the kinetic nature of DNA polymerase 
a’s from various sources. 

Accompanying the alternation of the K ,  for dNTPs, MAP2 
decreased the K ,  for the template-primer with a concomitant 
increase in V,,, (Table 111). These changes in kinetic pa- 
rameters seem to be related to an increase in the frequency 
of the initiation of DNA synthesis, but not the increase in 
processivity, since the size of the synthesized DNA was little 
changed despite the marked increase in the amount of dNMP 
incorporated into DNA (Figure 4). It was also shown that 
the addition of MAP2 increased the V,,, and decreased the 
K ,  for the template-primer; however, the degree of the changes 
depended on the species of template-primer used (Table 111). 
A change in the K ,  values for dNTPs was observed irrespective 
of the species of template-primer (Figure 3). Thus, the es- 
sential effect of MAP2 on DNA polymerase a activity is 
presumably the alteration of the K ,  value for dNTPs. 

To date, several protein factors that stimulate DNA po- 
lymerase a or DNA polymerase a-primase activity have been 
identified. Accessory proteins of DNA polymerase a that are 
concerned with primer recognition in mammalian cells have 
been purified and characterized (Lamothe et al., 1981; 
Pritchard & DePamphilis, 1983; Pritchard et al., 1983; Jindal 
& Vishwanatha, 1990). These primer recognition proteins are 
thought to stimulate homologous DNA polymerase a activity 
at low primer to template ratios by eliminating nonproductive 
binding of the enzyme to single-stranded DNA, allowing the 
enzyme to slide along the template until it recognizes a primer 
(Pritchard et al., 1983). These proteins decrease the K, of 
DNA polymerase a for the primer without changing the 
processivity of the polymerase (Pritchard et al., 1983). These 
properties partially resemble those for the MAP2 described 
here (Table I11 and Figure 4). However, stimulation of DNA 
polymerase a by these primer recognition proteins is not ob- 
served with activated DNA that has high primer to template 
ratios (Pritchard et al., 1983), whereas stimulation by MAP2 
takes place with activated DNA (Table I). This property 

Table V: Stimulatory Effect of Various Kinds of MAP on DNA 
Polymerase a* 

DNA polymerase a activity 
(-) (+) stimulation 

Drotein (mol)  (omol) (x-fold) 
MAP2 1.2 13.1 10.9 
tau 1.5 10.5 7.0 
190-kDa MAP 1.2 11.0 9.2 
tubulin 1.2 1.7 1.4 
actin 1 .o 1.3 0.9 
bovine serum albumin 1.3 1.3 1 .o 

‘DNA synthesis was carried out using 25 ng of calf thymus DNA 
polymerase a under the standard reaction conditions, as described in 
the text, in the absence (-) and presence (+) of various kinds of pro- 
tein (0.1 mg/mL). 

DISCUSSION 
The present study revealed that MAP2 stimulated DNA 

polymerase a activity (Figure l ) ,  thereby supporting our as- 
sumption that DNA polymerase a is the target of MAP2 in 
the stimulation of DNA synthesis catalyzed by the nuclear 
matrix (Shioda et al., 1989). It is considered that the stim- 
ulation occurs through direct binding of MAP2 to the po- 
lymerase, since physical binding between them was noted when 
we used MAPZimmobilized affinity column chromatography 
(Figure 2). The minimal molar ratio of MAP2 to DNA 
polymerase a was 8:1, a ratio necessary to obtain full stimu- 
lation of the polymerase activity (Figure 1). It has been 
reported that MAP2 purified by the conventional method is 
heterogeneous in terms of posttranscriptional modification such 
as phosphorylation (Sloboda et al., 1975; Herrmann et al., 
1985; Wiche, 1989). Therefore, it may be considered that 
some species of MAP2 are active and others are inactive or 
less active in the stimulation of DNA polymerase activity. The 
minimal molar ratio of the “active” MAP2 to DNA polym- 
erase a required for the full stimulation of the enzyme activity 
is probably less than 8. In fact, our preliminary experiments 
of further fractionation of purified MAP2 with DEAE-cellu- 
lose column chromatography and determination of the specific 
activity of each fraction to stimulate DNA polymerase a 
activity revealed at most a IO-fold difference in the specific 
activity between fractions (unpublished results). We assume 
that the difference in the specific activity of the DEAE-cel- 
lulose fractions required to stimulate DNA polymerase a may 
be due to differences in modification, presumably the phos- 
phorylation, of MAP2. It has been reported that MAP2 is 
phosphorylated at multiple sites by a variety of protein kinases 
(Yamauchi & Fujiwara, 1982; Theurkauf & Vallee, 1983; 
Kadowaki et al., 1985; Akiyama et al., 1986). In a preliminary 
experiment, we noted that phosphorylation by protein kinase 
C of MAP2 with low specific activity to stimulate DNA po- 
lymerase a produced a MAP2 preparation with a higher 
specific activity (unpublished results). Therefore, we consider 
that the phosphorylated form of MAP2 is essential to stimulate 
DNA polymerase a activity. 

Kinetic analyses (Figure 3 and Table 11) revealed that 
MAP2 changes the higher one of the two apparent Km’s of 
DNA polymerase a for dNTPs to the lower value, thereby 
stimulating polymerase activity. This alteration occurred in 
the preparation of DNA polymerase a which had biphasic 
features for dNTPs. However, all the DNA polymerase a we 
tested did not have the biphasic feature for dNTPs; i.e., some 
of the polymerases, especially old preparations, had only a low 
K ,  value for dNTPs, and no significant stimulation of the 
polymerase activity by MAP2 was observed (unpublished 
results). At present, it is unclear whether the polymerase 
preparation we used consists of two forms of DNA polymerase 
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distinguishes these primer recognition proteins from MAP2. 
In addition, these primer recognition proteins do not affect 
the K ,  of DNA polymerase a for deoxyribonucleotides 
(Pritchard et al., 1983), whereas MAP2 decreases it (Figure 
3 and Table TI). These data suggest that there is a consid- 
erable difference in the mode of action between these primer 
recognition proteins and MAP2. MAP2 also seems to differ 
from a factor in mouse FM3A cells described by Kawasaki 
et al. (1986), which partially resembles the above primer 
recognition proteins, since this factor does not change the K ,  
of DNA polymerase a for deoxyribonucleotides. 

Factor D isolated from mouse (Fry et al., 1987a,b) or rabbit 
(Sharf et al., 1988) liver and factor C isolated from rabbit liver 
(Asna et al., 1989) stimulate DNA polymerase a activity by 
decreasing the K,,, of the polymerase for the template-primer, 
causing an increase in the processivity of the polymerase. This 
mode of stimulation is distinct from that described here for 
MAP2 (Table 111 and Figure 4). Stimulation by factor D 
occurs with primed natural DNA and poly(dA)-primed 
poly(dT), but not with activated DNA (Sharf et al., 1988). 
Factor C stimulates DNA polymerase a with poly[d(G-C)] 
and poly(dG)-primed poly(dC), but not with activated DNA 
(Asna et al., 1989). Thus, the template-primer preference of 
these factors also differs from that of MAP2 (Table I). 
Moreover, stimulation of these factors is not specific for DNA 
polymerase a (Sharf et al., 1988; Asna et al., 1989), whereas 
MAP2 stimulated DNA polymerase a, but not DNA polym- 
erases @, y, and I (Table IV). These properties distinguish 
factors D and C from MAP2. 

A recently characterized accessory protein of DNA polym- 
erase a, designated AAF, in mouse cells (Goulian et al., 1990; 
Goulian & Heard, 1990), has been suggested to increase the 
affinity of DNA polymerase a-primase for the DNA template. 
AAF stimulates DNA polymerase a and primase activities 
with poly(dA).(dT),,-,, and with poly(dT) and unprimed 
single-stranded fd DNA, respectively, but not with activated 
DNA. On the other hand, MAP2 stimulated DNA polym- 
erase a activity with poly(dA).(dT),o and activated DNA 
(Table I) ,  but it did not stimulate the primase activity with 
unprimed single-stranded fd DNA (unpublished result). AAF 
also increases the processivity of the polymerase and allows 
the polymerase to traverse double-stranded regions of the DNA 
template. Judging from the template preference and the effect 
on the processivity, AAF is apparently different from MAP2. 

Factor T purified from calf thymus (Yoshida et al., 1989), 
which may be an accessory protein of DNA polymerase a, has 
the ability to help the polymerase read through pause sites in 
the template. This factor is relatively heat-stable, as is MAP2. 
However, factor T is distinct from MAP2, since it does not 
alter the K,,, of DNA polymerase a for either template-primers 
or deoxyri bonucfeotides. 

Single-stranded DNA binding proteins isolated from calf 
thymus by Sapp et al. (1985) are thought to block nonpro- 
ductive polymerase binding sites on single-stranded DNA 
sequences. These proteins stimulate DNA synthesis catalyzed 
by DNA polymerase a only in the presence of an excess of 
activated DNA as template-primers. By contrast, stimulation 
by MAP2 was apparent at low concentrations of activated 
DNA (Table [It), implying that these proteins also do not 
correspond to MAPZ. 

Replication factor A (RF-A) (Fairman & Stillman, 1988), 
alternatively designated single-stranded DNA binding protein 
(Wobbe et al., 1987) or replication protein A (Wold & Kelly, 
1988), and replication factor C (RF-C), which are essential 
components for SV40 DNA replication, independently stim- 

ulate DNA polymerase CY (Tsurimoto & Stillman, 1989). 
RF-A, which has been suggested to function in the initiation 
of DNA replication and chain elongation, increases the pro- 
cessivity of DNA polymerase a (Tsurimoto & Stillman, 1989). 
RF-C, which may be an accessory protein of DNA polymerase 
a, affects both the processivity of DNA synthesis and the 
frequency of primer recognition (Tsurimoto & Stillman, 1989). 
These properties distinguish RF-A and RF-C from MAP2. 

Among RNase H’s that are thought to be involved in DNA 
replication (Karwan et al,, 1983; DiFrancesco & Lehman, 
1985; Hagemeier & Gross, 1989), those found in yeast 
(Karwan et al., 1983) and calf thymus (Hagemeier & Gross, 
1989) have the ability to stimulate the activity of their ho- 
mologous DNA polymerases. However, these proteins ap- 
parently differ from MAP2, since MAP2 has no RNase H 
activity (unpublished result). 

As described above, MAP2 differs from all previously 
well-characterized protein factors that stimulate DNA po- 
lymerase a. It is worth noting that MAP2 is unique in its 
ability to alter the K ,  of DNA polymerase a for deoxyribo- 
nucleotides. Therefore, we conclude that MAP2 is a novel type 
of factor with the ability to stimulate DNA polymerase a. 

Although we used MAP2 as a model for the stimulation of 
DNA polymerase a activity, it may be unlikely that MAP2 
itself participates in DNA replication, since this MAP localizes 
predominately in neural cells which are completely inactive 
in DNA replication (Dustin, 1984; Vallee et al., 1984; Wiche, 
1989). However, stimulation of DNA polymerase a activity 
was observed not only in MAP2 but also in tau and 190-kDa 
MAP (Table V). The 190-kDa MAP was found to be present 
in a wide variety of proliferating cells (Kotani et al., 1988). 
Therefore, it is possible that the 190-kDa MAP or other MAPs 
present in the proliferating cells are involved in DNA repli- 
cation, in vivo. MAPZ, tau, and 190-kDa MAP have sites with 
a common amino acid sequence (Lee et al., 1988; Lewis et al., 
1988; Aizawa et al., 1989). The finding that all these MAPS 
have the potential to stimulate DNA polymerase a activity 
suggests that the common site of these MAPS is essential for 
the stimulation. Immunohistochemical studies showed that 
parts of the MAPS are located in the nucleus of proliferating 
cells (Sato et al., 1985a,b, 1986, 1988). However, biochemical 
evidence of the existence of MAPS in the nucleus has not been 
reported. Whether or not MAPS participate in DNA repli- 
cation in vivo remains an open question. Even if authentic 
MAPs are not involved in DNA replication in vivo, there may 
exist a protein factor in the nucleus which has the same partial 
amino acid sequence as those of MAPS and has the stimulatory 
activity for DNA polymerase a. If such is indeed the case, 
then the factor would be a regulator of DNA replication by 
altering the K,,, value of DNA polymerase a for dNTPs, or 
would be an accessory protein of DNA polymerase a which 
had been removed from the polymerase in the course of the 
enzyme purification. We are now searching for the regulator 
protein of DNA polymerase a which participates in DNA 
replication in vivo. If it is an authentic MAP or an MAP- 
related protein, then elucidation of the mechanism of the 
stimulation of DNA polymerase a will pave the way to un- 
derstanding the regulation of DNA replication in eukaryotic 
cells. 
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Interaction of Ribosomal Protein S1 and Initiation Factor IF3 with the 3’ Major 
Domain and the Decoding Site of the 30s Subunit of Escherichia coli? 
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ABSTRACT: We have studied the effect of the binding of ribosomal protein S1 and initiation factor IF3 on 
the accessibility of nucleotide residues 584-1506 in the small subunit of the Escherichia coli ribosome. Protein 
SI strongly decreases RNase V1 attack at G1164, in hairpin 40 of the 3’ major domain, and weakly decreases 
DMS attack a t  C1302, in the central loop of the 3’ major domain, and a t  A1503, in the 3’ minor domain. 
It also weakly increases the DMS reactivity of A1004, in the 3’ major domain, and of A901, in the central 
domain. Factor IF3 strongly decreases RNase V1 attack (but not dimethyl sulfate attack) a t  A1408, in 
the decoding site, and weakly protects A1 500, in the 3’ minor domain and near the colicin E3 cleavage site. 
Neomycin does not interfere with this effect of IF3, but IF3 interferes with the protective effect of neomycin 
against dimethyl sulfate attack a t  A1408. 

P ro te in  S1 is by far the largest of all ribosomal proteins. It 
appears to have only one site for RNA binding (Lipecky et 
al., 1977; Thomas et al., 1978; Yuan et al., 1979; Mulsch et 
al., 1981) and another site to interact with the 30s subunit 
or the all-protein phage-induced Q/3 RNA replicase. The 
binding site of S1 on the 30s  subunit is dependent on S9 
(Laughrea & Moore, 1978b), more sensitive to trypsin than 
to RNase, insensitive to aurintricarboxylic acid (Boni et al., 
1982; Odom et al., 1984), and salt-sensitive, unlike its inter- 
action with RNA, which is very stable in 1 M salt (Carmi- 
chael, 1975; Draper & von Hippel, 197813). Studies with 
fragments of S1 have shown that, by and large, residues 
224-309 constitute the RNA binding domain of S1 while 
residues 1-193 constitute the ribosome and the Q/3  replicase 
binding domain (Subramanian et al., 198 1; Guerrier-Takada 
et al., 1983; Subramanian, 1985; Giorginis & Subramanian, 
1980). However, residues 1-193 do not bind to 30s subunits 
as well as S1; they are required for its nucleic acid unwinding 
property, and they possess some salt-sensitive poly(U) binding 
activity (Thomas et al., 1979; Giorginis & Subramanian, 1980; 
Subramanian et al., 1981), not unlike Sl’s site I (Draper & 
Von Hippel, 1978a). Thus, S1 may possess a second RNA 
binding site with an association constant of less than los M-I. 
Draper and Von Hippel (1978a,b) had earlier concluded the 
existence of two possibly noncontiguous RNA binding sites 
on S1. 

In this context, it seemed justified to assess the impact of 
S1 on the chemical and enzymatic reactivity of a large number 
of nucleotide residues within the 16s RNA of the ribosome 

‘This work was funded by a grant from the Medical Research Council 

To whom correspondence should be addressed. 
of Canada to M.L. 

0006-2960/91/0430- 1 141 2$02.50/0 

or the 30s subunit. We were stimulated by the knowledge 
that all other 30s ribosomal proteins (several of which not 
being known as RNA binders) have some impact on the re- 
activity of 16s RNA (Stern et al., 1988d). S1 is the only 30s 
protein left to be footprinted. However, our goal is different 
from that of Noller’s laboratory: not so much to locate rRNA 
segments within the 30s subunit but rather to delineate the 
zone of influence of mammoth S1. 

Though it is no longer believed that initiation factor IF3 
plays a direct role in binding mRNA to the 30s subunit 
(Canonaco et al., 1989), IF3 has a number of attributes which 
justifies a simultaneous study of the interaction of IF3 and 
S1 with the 30s subunit. Both proteins unfold RNAs 
(Schleich et al., 1980; Bear et al., 1976; Thomas & Szer, 1982; 
Wickstrom et al., 1986), can be cross-linked to the 3’ end of 
16s RNA without actually needing it for binding to the ri- 
bosome [see Laughrea et al. (1978a) and references cited 
therein], may induce small conformational changes in the 30s 
subunit (Michalski et al., 1978; Laughrea et al., 1978b; 
Beaudry et al., 1976; Pon et al., 1982; Gualerzi & Pon, 1990), 
and cooperate during the initiation of R17 RNA-directed coat 
protein synthesis (Steitz et al., 1977). IF3 seems to inspect 
the correctness of the interaction between the mRNA initiator 
codon and the anticodon stem-loop of the P-site-bound tRNA 
(Hartz et al., 1990; Gualerzi & Pon, 1981), and S1 differ- 
entially increases the affinity of the 30s subunit for various 
mRNAs (Steitz et al., 1977; Roberts & Rabinowitz, 1989; 
Boni et al., 1991). In contrast to S1, the binding site of IF3 
on the 30s subunit is likely to be dominated by 16s RNA. 
It is sensitive to kethoxal, RNase, or low concentrations of 
aurintricarboxylic acid (Pon & Gualerzi, 1976; Gualerzi & 
Pon, 1973; Pon et al., 1972; Sabol et al., 1973), independent 
of the presence or absence of many ribosomal proteins (Pon 
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