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SUMNMARY: Cells from a patient with acute lymphoblastic leukemia contained an
altered nuclear DNA polymerase. This enzymatic activity differs from the normal
enzyme in its KC1 sensitivity, heat stability and reactivity with antibody
against HeLa cytoplasmic DNA polywerase-oc . The results glso show that in
these leukemic cells the cytoplasmic DNA polvmerase-ot is different to the
nuclear DNA polymerase.

The presence of at least three different DNA polymerases has been reported in
animal cells (1-9). DNA polymerase-« is a large MW enzyme (6-83) found wainly
in the cytoplasmic extract, although a similar activity has also been detected
in nuclei isolated from actively dividing cells; a second class of enzyme
generally recovered from the nuclear fraction is a low MW protein (2.5-5.53) de~
nominated ONA polymerasejﬁ ; a third type, named DNA polymerase-3¥ , is the en-
zyme isolated from either cytoplasm or nuclei that catalyzes the synthesis of
poly (dT) on a poly (rA) template. The physiological role of these enzymes has
not yet been clearly established, although in a number of animal gystems an in-
creased rate of proliferation and DNA synthesis is accompanied by an increased
activity of DNA polymerase-n (6, 7, 10-13).

It has also been observed in vitro that only DNA polymerase-oc can initiate
DNA synthesis on an RNA primer (5, 14). Based on its general properties, the
ONA polymerase-o isolated from either cvtoplasw or nuclei has been assumed to
be the same enzyme.

#e have previously reported the content and subcellular distribution of LNA
polymerases—o¢ and /3 in normal human lywphocvtes (15, 16). @&e observed that
a change occurred when resting cells were stimulated by phytohemagglutinin (PHA).
In resting nuclei only DNA polymerase-/3 was detected; when the enzymes were
purified from nuclei isolated from stimulated cells LNA polymerase~ox as well

as /3 were found (15). These results are in agreement with the idea of LNA poly-
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merase-( being involved in the process of TNA replication. A possible way to
further understand the role of this enzyme is to study a situation in which the
control of replication is altered. In this paper we present evidence for an

alteration of a nuclear DNA polymerase in a case of acute lymphoblastic leukemia.

MATERIALS AND METHODS

Leukemic cells purification. Twenty ml of venous blood was obtained from a
14 vear-old child (H.R.M.) with untreated acute lymphoblastic leukemia., At the
time of extraction the peripheral leukocyte count was 84,700 per wm3; 95% of the-
se cells were morphologically microlymphoblasts. The blood was mixed with 1.2 ml
of 10% Dextran 500 {dissolved in 0.9% NaCl) and allowed to sediment by gravity
for 20 win., The supernatant plasma was separated and centrifuged for 10 win at
1000 x g. The precipitate was resuspended in 10 ml of Eagle's Minimal Essential
Medium, layered on a 1O ml Ficoll gradient (5 ml of 12% Ficoll, 3 ml of 50% Iso-
paque and 2 ml Phosphate Buffered Saline) and centrifuged 10 min at 480 x gin a
Sorvall HB=4 rotor. The interphase was separated, diluted with Xagle's Minimal
Essentiaé Medium and centrifuged for 10 min at 1000 x g. The pellet containing
300 x 10° lymphoblasts was kept at -70° until used. Normal human lymphocytes
were isolated as previously reported (16).

znzyme preparation., The preparation of the cytoplasmic extract and nuclear
soluble fraction *as well as its chromatography on DSA#~cellulose was done as de-
scrived (15)., When concentrated enzymes were needed the fractions obtained from
the DEAZ-cellulose columns were dialyzed 4 h against 100 volumes of a buffer con-
taining 10 md Hepes, pH 7.2; 1 aM EDTA and 3 oM /3 -uwercaptoethanol., The samples
were lyophilized and dissolved in small volumes of bidistilled water (100-200 al).

Measurement of UNA polymerase activity. Unless otherwise indicated the reac-
tion mixture contained, in a final volume of 0.05 ml or 0.1 ul, enzvme, 50 wk
Tris-HCl, pH 8.0; 5 oM MgClo; 0.9 mg/ml bovine serum albumin; 5 mi dithiothreitol;
620 ng/ml of activated calf thymus DNA&; 0.1 mld each dCTP, dGTP, TTP and 0.0l oM
[4]aaTP (sp. act. 1000 cpm/pmole). The reaction mixture was incubated at 37° for
45 min and the radiocactivity incorporated into a perchloric acid insoludle frac-
tion was determined (16).

Protein determination. It was done according to Lowry et al. (17).

RESULTS

We have previously demonstrated (15) that in the cytoplasm from normal resting
lymphocytes two peaks of DNA polymerase activity can be detected on DA-52 column
chromatography, one eluting at 0.07 M NaCl (C In) and a second one eluting at
0.12 ¥ vaCl (C IIn) while the nuclear extracts show only one peak of activity that
does not adsorb to the column (¥ In). Wwhen the cells are stimulated with PHA a
different distribution is observed with one peak in the crtoplasm eluting at 0.12
M NaCl (T I,) and two in the nuclei, one that does not adsorb to the column (N I,)
and a second one eluting at 0.07 ¥ nall (W II_}. The properties of I, ¢ 1T,

C I; and & II, were very similar and correspond to what is currently denominated
DNA polymerase- o . OUn the other hand N In and N Is are equivalent to DNA poly-
merasevﬂ .

bUE-52 Solumn chromatography of leukemic crtoplaswic and nuclear extracts. In

Fig. 1 A the chrowmatographic pattern of the cvtoplasmic DKA polymerase is shown.
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Fige 1. UNA polymerase DNA dependent activities from leukemic cells.
The cytoplasmic (4) and nuclear soluble fractions (3) were chromatographed
on DE-=52 cellulose. The enzyme activity was measured as described in ia-
terials and Methods.

TABLY I. Subcellular Distribution of DNA polymerase activity of human
lymphocytes

The isolation of the different fractions has been published (16). The enzymatic
assay was done in a final volume of 0.1 wl as described in Materials and Methods.

PHA stimulated Non~-gtimulated Leukenmic
3ource of enzywme

% Activity

Total homogenate 100 100 100
Cytoplasmic extract 69 68 44
40,000 x g precipitate 2.4 4 5.3
‘Priton wash 14 16 15.4
Nuclear soluble fraction 9.4 9 32.8
Nuclear precipitate 0.9 2 2.4

A main peak of activity eluting from the column at 0.12 M NaCl (¢ IIL) with a
small shoulder of activity eluting at a concentration of around 0.07 M NaCl (C IL)
are obgerved. In the nuclear extract (Fig. 1 B), two peaks are detected, one that
is not adsorbed to the column (N IL) and a second one eluting at a concentration
of 0.07 M Nall (N IIL)' This pattern of DNA polywerase distribution is similar to
that previously reported for PHA stimulated normal lymphocytes (15).
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TABLE II. Requirements of the NII nuclear DNA polymerase

The enzyvmatic assay was done in a final volume of 0.1 mwl as described in
Haterials and Methods. The enzyvmes used were the peak activities obtained
after HDrEAB-cellulose column chromatography.

Normal enzyme Leukenmic enzyme

Reaction mixture
C e
% Activity

7

Complete 100 100
Omit bovine serum albumin Q 1.9
Omit dithiothreitol 2.5 9,5
Omit ¢ATP, dCTP, d4GTP 27 39
Omit Mg**, add 0.5 mi ¥n'T 25 26
Plus 0.2 M XC1l 31 112
Omit activated wNA,

plus native u¥A (62 ug) 5 6
Omit activated DNA,

plus heated DNA (62 mg) 2 3

Jubcellular distribution of DNA polymerase activity. As previously reported

(16) LWA polymerase activity can be detected in the nuclei and cytoplasm from
either resting or PHA stimulated normal human lymphocytes. Ilespite a different
enzvane content and qualitative distribution between nucleus and cytoplasm, the sub-
cellular distribution of total activity is very similar in both types of cells
(ﬂable I). A3 well as in other cells, the major part of DNA polymerase activity

is found in the cytoplasmic extract. In the case of leukemic cells reported here

a difference was observed in the subcellular distribution of the enzynes with re-
spect to their normal counterpart. As seen in Table I, a much higher proportion
of the total activity is found in the nuclear fraction, reacning about 33%% of the
cellular activity in contrast to the 9% found in normal cells, A corresponding de-
crease in the cvtoplasmic fraction was observed.

Froperties of nuclear UNA polwvmerase II. 3ome of the requirements of the N Il

UNA polymerase isolated from normal and leuxemic cell nuclei were analyzed. The
general properties of the enzymes are very similar with the sole exception of the
ECl effect (lable II). %hile in the case of the normal enzyme 0.2 i K3l is strong-
ly inhibitory, the enzymc isolated from the nuclei of leukemic cells is nat affected
by this concentration of salt. Thig salt effect suggested to us that a difference
couid exist vetween the normal and the leukemic enzyme.

The properties of the other leukemic BNA polymerases that we have analyzed were
similar to the normal,

XC1 dependence. Based in the results presented in Table II a more detailed stu-

dyr of the KCl offect was done, assaying th: enzvme in a range of salt going froum
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Pig. 2. Hffect of KC1 on BNA polymerase activity from normal, PHA stimu~-
lated and leukemic lymphocytes. Reactions were carried out as described in
Materials and Methods using lyophilized enzymes. KCl was added at the indi=-

cated concentrations. A, Nuclear DNA polymerase: O , N IIS; ®, N IIL.
B. Cytoplasmic enzymes: @ , C I ; O,¢ I A, cC I,

0 to 0.2 M XCl. A marked difference between the N II DNA polymerases from normal
and leukemic cells is observed (Fig. 2 A).

It has been generally assumed that the high M¥ DNA polymerase found in the nuclei
is the same enzyme than the high MW activity detected in the cvtoplasm (18)., How-
ever in the case of normal human lymphocytes we have alwars found that even though
the high MW enzyme from cytoplasm and nuclei had very sigilar properties, they

eluted from 13-52 cellulose columns at different ionic strength (15). As shown in

Fig. 1 this is also true for the leukemic cells whose wmain cytoplaswic activity
C IIL eluted at 0.12 M NaCl while the nuclear enzyme N IIL eluted at 0.07 M HaCl.
daving observed an alteration in the nuclear leukemic enzyme with respect to its
resistance to KCl, we used this parameter to study the relationship between the
C IIL and the N IIL enzymes {Pig, 2 B). The C IIL DNA polymerase is fully inhi-
bited by KC1 in a manner similar to the cytoplasmic and nuclear enzyme isolated
from normal cells, However when the small fraction of activity eluting at 0.07 M
(C IL) is analyzed, the salt response mimics that of the N IILl enzyme. This re-
sult indicstes that in these leukemic cells the C IIL enzyme is different to the
N IIL enzyme.
Temperature sensitivity. Another coaparison between the normal and leukemic

N I1 enzymes was done by analyzing their sensitivity at 480. In Fig. % the in-
activation pattern of these enzymes is shown. It can be seen that the normal
enzyme 18 wore resistant to heat than the leukemic enszywe since after 5 min at
480 it still retained 68% of the activity while the leukemic enzyme decreased

to about 27%. This result wmight indicate an altered structure of the leukeaic
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Fig. 3. Heat sensitivity of N II DNA polymerases. The lyophilized enzymes
were preincubated at 48° in 30 ml of a mixture containing 83 mM Tris-HCl buf-
fer, pH 8; 1.5 mg bovine serum albumin and 8 mM MgCl,. At the indicated times

the enzymes were assayed increasing the volume to 50 uml and adjusting the assay
mixture according to what was described under Materials and Kethods. O , N IIS:

® , NI,

protein. We have observed that in general the leukemic enzyme is more unstable
than the normal one, stored at -70o it lost activity in a shorter period of time.
When chromatographed on Sephadex 3-150 more than 90% of the activity was lost
and for this reason we were unable to determine its iW.

Antibody inhibition. Antiserum against cytoplasmic DNA polymerase-o has been

used by sSpadari et al. (19) to show identity between cytoplasmic and nuclear DA
polymerase in Hela cells. We nave used the same antibody (kindly provided by

Dr. A, Weissbach) to compare the normal and leukemic N II enzymwes. The results
obtained are presented in Fig. 4 and it can be seen that while the normal enzyme
is 70% inhibited the leukemic enzyme lost only 20% of its activity. These data

ghow that the leukemic enzyme differs antigenically frow the norwal enzyme.

DISCUSSION

The study of the physiological function of DNA polymerases is hampered by the
difficulties in obtaining experimental mutants for DNA synthesis in higher cells.
Another approach to achieve this goal is the finding of "natural" mutants in
which some of the enzymes involved in DNA replication may be mutated. This
seems to be the case with the results presented in this paper in which a very
specific enzyme, N IIL, is altered in lymphoblasts of a patient with acute lym-
phoblastic leukemia. To our smowledge this is the first time in which an altered

DNA polymerase can be correlated with a cell whose process of cell division is
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Fig. 4. Effect of antibody on N II LNA polymerases, The lyophilized enzymes
were mixed with 130 ug bovine serum albumin and 80 nmoles Hepes buffer, pd 7.5,
in a total volume of 15 ml and incubated 20 min at room temperature with varying
amounts of antibody against Hela cytoplasmic UNA polvmerase-o ., Afterwards,
the enzymes were assayed for activity as described in Materials and Hethods.

O ,NII; @, NIL.

uncontrolled. Previously, Springgate and Loeb (20) showed that cell free ex-
tracts from four patients with acute lymphatic leuxemia had a DNA polymerase
activity that copied a synthetic template with a higher level of infidelity
than the normal enzyme. However, their regults did rnot identify any cellular
LNA polymerase that was actually modified. Kven though we cannot say that the
altered N IIL enzyme is responsible for the transformation proceas in the leu-
kemic cell, it is suggestive that it seems to be precisely that DNA polymerase
that has been related to DNA replication by several investigators. 3ince tne
results presented are drawn from a single patient it would be prewature to as-
sume that this is & general phenomenon in acute lymphoblastic leukemia. Until
more cases are studied we assume that an uncontrolled cell duplication is a
final effect which could arise as a consequence of alterations at several dif-
ferent levels of the cell division process, an alteration of the DNA polywerases
being just one out of several possibilities.

The patient whose cells are being studied is at present under complete re-
mission. If recurrency does occur the existence of a cellular marker will allow
us to determine if the new.y emerging sick cell will be the same as the original
or if a new type of defe:tive cell did appear.

The relationship between the large MW enzyuwe present in cytéplasm and nuclei
has been analyzed by several investigators (2, 8, 15, 21). When the new
nomenclature for mammalian DNA polvmerase was recently presented (18) the large
W activity isolated from either cytoplasm or nuclei was designated as DNA poly-

meragse-X , assuming that both were identical enzymes. In general, the study of

894



Vol. 67, No. 3, 1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

the cytoplasmic and nuclear enzymes indicated a veryv close similarity between
these two activities. Spadari et al. (19), using antibody against HeLa DNA po-
lymerase-of , obtained the same inhibitory effect with the cytoplasmic and nuclear
enzymes., However, there are gome tentative evidences presented in the literature
suggesting that the two enzymes might be different proteins (3, 5), The data we
have presented here suggest that the nuclear and cytoplasmic DNA polymerasedi
in human lymphocytes are two distinct proteins. We have an altered nuclear en-
zyme with different properties than the cytoplasmic¢ enzyme present in the same
cell. In order to explain the discrepancy with the results indicating identity
between the two proteins we might assume that all the high MW UNA polymerases
have very similar properties and probably they share some peptides that could
be forming part of the active site of the enzyme.

Based on the results obtained with the leukemic cells we could speculate that
when normal lymphocytes start to replicate, the C In enzyme detected in the cytow-
plasm of resting cells enters to the nucleus and appears in stimulated cells as

N IIS. This also implies that C In and C II, are different enzymes.

Until a new nomenclature appears which differentiates between cytoplasmic
and nuclear high MW LNA polymerases, we suggest to continue calling them DNA

polymeragse~o but indicating in each case its cyvtoplasmic or nuclear origin.
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