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ABSTRACT

Apurinic endonucleése activity in'ﬁuman fibroblasts had been
previously resoﬂvéd into a flow-through and a-high<salt eluate spe-
cies by phosphocellu]ose chromatography (Kuhniein, U. et al., Nucl.
Acid. Res. 5: 951-960, 1978). Enzyme activity in the flbw—fhrouéh
species amounted to 20-30% that of the high-salt eluate species.

The flow—through enzyme species was not found in-cell lines of
xeroderma pigmentosum complemenfafion group D.

in this thesis, apurinic endonuclease activity was anélysed in
“Hela celfls. Specific enzyme activity in crude extracts of Hela cells
was in the range of 400-800 units/mg protein, similar to that of .
human fibroblasts which was between 380-680 units/mg protein. ' Three
species of endonuclease activity for apurinic DNA were resolved by
phosphocel lulose chromatography. They were designated as Peak |,
Peak |}, and Peak |l1. Peak | did not adsorb +0 +he phosphocel lulose
column at 10 mM KPO4 (pH 7.4). (flow-through acfivi+y); Peak 11l eluted
from the column at about 210 mM KPO4 (pH 7.4) and Peak |11 at 260 mM
KPO4 (pH 7.4). Based on their affinity. to phosphoceliulose, we pre-
sumed Peak | and Peak 111 cbrresponded to the flow-through and high-
salt eluate species in human fibroblasts respectively. Under our ex-
perimenfat conditions, the flow-through enzyme activity in both Hela
ée!ls and normal human fibrobiasfé was only 2—4%,of +he activity of
high-salt eluate species. We suspect that tissue culture conditions
may affect the cellular level of the flow-through species of apurinic
endonuclease. |

Peaks 1-111 were optimally active at:pH:7.5-8.0 and 5-10 mM MgCI2

®



They were inhibited by increasing concenfrafions.of KCI and NaCl
except Peak 11! which was slightly stimulated by 20-40 mM KCi ..
The three species‘wefe distinguished by their thermosensitivities
ina 50 mM KPO4 Buffer. Peak | was stable at 45°C. Peak I1] was
heat41abile, havfng a hélf—life of 2-3 min at 45°C. Peak 11
seemed to confaiﬁ Two components, éne with a half-life of 2-3 min
at 4500, and the other with a haif-life of 25 min. In human fibrp—
blasts, both the flow-through and high-salt eluate species of apu-
rinic endonuclease were reported to be stimulated to 2.5-fold by
10 mM KCI. They had a half-life of 6 min at 45°C in a 230 mM KPO4
(pH 7.4) buffer. Thus, Peaks k-I11 and enzyme species from human
fibroblasts had a similar pH optimum, and M92+ requirement, but
they differed in their thermosensitivities and inhibition by higher
salt concentration. Wé do not know as yet whether these differences
reflect the neoplasffc nature of Hela cells or the different tissue
origiﬁs of Hela cells and human fibroblasts. |

When either Peak | or Peak [|| was'rechromafographed on the
phoéphocellﬂlose column, activity was recovered in both the flow-
through and high-salt eluate fractions. The result suggested an
interconversion phenomenon béfween the flow-fhrough and high-salt
eluate species of apurinic endonuclease; This was further supported
by molecular weight determinations of the apurinic endonucleases In
Peaks I-l11. Apurinic endonuclease activity in Peak |1l and Peak I
had a molecular weight of 35,000-40,000 and 22,000~25,000 respective=~
ly. Peak | had two components with molecular weights similar to

those of Peak Il and Peak I11. An understanding of the conversion
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between the different apurinic endonuclease speciés may help in
elucidating the molecular defecfs of xerodermé pigmentosum comple-
mentation group D.

‘Apurinic endonuclease activity in Peaks I-I]l'was found to be
associated with a high ﬁolecular weight complex. The complex could
be dissociated by hfgh salt treatment. The possible biological
significance of the high molecular weight complex Is discussed.

We also found that apurinic endonuclease could adsorb to the
Sephadex gel. The adsorption would lead to an aberrant estimation
of mélecular weight of the protein. The problem was solved with an

elution buffer of high ionic strength.
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INTRODUCT I1ON

i,.Apuanic/apyrimidinic sites-as-common DNA lesions :

Perhaps one of Tﬁe most common forms of DNA'damage is the
lass of purine and pyrimidine bases from the DNA. .These processes,
depurination and depyrimidination, involve breakage of the glyco-
sidic bond between the purine or pyrimidine bases and the deoxy-
ribose maieties of the DNA. |

Purine and pyrimidine bases have been demonstrated to be re-
leased im detectable quantities from DNA at neutral pH and.7OOC
(1). The initial rate constant of depurination is 2.4 x 10_7sec-1.

Depyrimidination is about 10-20 times slower than depurination

2). . Af'physiological conditions of 37°C and pH 7.4, the in vivo
- rate constant of depurination has been estimated to be in the or-
der of Z x lo-gmin-l.
ONA modified by some chemical or physical agents has a much
higher depurination/depyrimidination rate (3). An example is al-
kyfated DNA. Alkylation of DNA results in the formation of purine
and pyrimidine derivatives with labilelglycosidic bonds (4,5). Some

modi fied bases. such as 3-methyladenine and 06—me+hylguanine can

also be removed by specific DNA-glycosidases (6,7). The in vivo

depurination rate constants of 7—me+hy|gdanine and 3-methyladenine

are of the order of 1 x 10 *min™" and 4 x 10 >min" respectively

(8). | | |
Finally, apyrimidinic sites are formed during the process of

removal of uracil residues from the DNA. Uracii residues are -



introduced iﬁfo the DNA as a result of déaminafibn'of cytosine
residues (9,10). Uracil can also be incérporafed.ih?o DNA

in place of thymine during replicéfion”(ll,]Z). The enzyme that is
thought to be involved in the removal of uracil residues in DNA

has been purified from extracts of E. coli and human fibroblés+s;
It is called uracil glycosidase (13;14).

It can be concluded from the above argUmenT that depurination/
depyrimidination of DNA occurs to a significant e*fenf ig_gj)gbﬁ
Considering spontaneous depurination alone, a growing mammalian
cell may loose 2,000—10,000 purines and a few hundred pyrimidine

residues from its DNA during a cell generation time of 20 hours (1).

2. Possible cellular effects of apurinic/apyrimidinic_sifes :
Besides a direct loss of genetic information, the presence of
apurinic/apyrimidinic sites on the DNA has several other conse-
quences; During replication, the posifién oppoéife to the apurinic/
apyrimidinic sites in the newly formed complementary éTrand may be
filled at random. Or, the replication mechanism may simply skip
the lesions and deletions resul+ .- In vitro, The-fidefify of DNA
synthesis by AMV DNA polymerase was found to decrease with a depu-
rinated poly d(A-T) template (15). ApUrfnic/abyrimidinic sites
also lead to chain.breakages (16), interstrand cross!ink formation
(17) in the DNA, and a destabilization of the DNA double helix (18).
In T7 coliphage, one out of seven to eight depurinéfion events was
reported to be an inactivation hit (19,20).

One can therefore envisage that apurinic/apyrimidinic sites, if



unrepaired, will impose mutagenic and toxic effects on a cell.
DNA repair mechanisms must have evolved to safeguard the cell

from depurination and depyrimidination. ®

3. DNA repair mechanisms :

Several DNA repair mechanisms Have been préposed to function
in both procaryotes and eucaryotes for the repair of various DNA
lesions (21-22). They are summarised in Figures ivand 2. Most
of the pathways illustrated are examplified by the repair of pyri-
midine dimers,>from which our present-concepts-of the*various DNA
repair mechanisms are largely derived. The formation of this DNA-
lesion involves a covalent Ifnking of adjacent pyrimidines in a
DNA strand and is induced by ultraviolet light.

The simplest mode of DNA repair is a direct reversion of the
damaged DNA back to the undamaged form. To date, the only well
established example is the enzymatic phoToreacTiQ@Tien of pyrimi-
dine dimers. In this process, an enzyme called photolyase or
photoreactivating enzyme fs able to monomerize the UV-induced pyri-
midine dimers in the presence of light with a wavelength of 320~ .
370 nm. Recently, it was suggested that Oé;mefhylguanine of alky--
lated DNA could also be reyerfed back di}ecfly To the undamaged
form via an enzyme-mediated dealkylation process. Thus, a specific
enzyme called demethylase was isolated from rat liver which removed
the 06-me+hyl group from the altered guanine base (23). In the
case of apurinic/apyrimidinic DNA, repair can be accomplished by

insertase activities which simply place correct bases back into
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the lesion sites. |Insertase activity for apurinchDNA has been
found in human fibroblésfs (24,25).
AndThgr mcde of DNA repair iﬁvolves;fhe excision of the dama-
 ged bases ér nucleotides from the DNA and is thus termed exci-

.sion repair. As shown in-Figure 1, repair of pyrimidine dimer is
initiated by a so-called UV-endonuclease which incises the DNA ad-
rjacen‘l’ to the lesion. The damaged nucleotides and adjacent nucleo-
tides are then excised by an exonuclease aCTivify; Finally, the gap
created during THe excision step is filled and sealed by the conr -
certed action of DNA-poiymerase and-ligase.: Thisvis:called "class-

ical nucleotide excision repair". A similar mechanism is thought

to operate for the repair of apurinié/apyrimidinic sites. A specific
endonuclease for these DNA lesions has been purified and characte-
rised from sources as divergent as E. coli. (26,27), calf thymus

(28), calf liver (295, human placenta (30) and .plant embryo of

Phaseolus multiflorus (31). The enzyme is genefally known as apu-
rinic endondclease. So far, no separate endonuclease acT}viTies have
been found for apurinic or apyrimidinic sites. In vitro, repair of
apurinic sifes has been demonstrated by incubating depurinated DNA
with apurinic endonuclease, DNA polymerase {, the four deoxyriso-
nucleoside triphosphates, polynucleo+i6e>ligase énd its coenzyme
(32). The repair role of apurinic endonuclease is further supported
by mutants of E. coli defective in this enzyme activity. These’
mutants are more sensitive to methyl methanesulphonate (an alkylating
agent) than the wild type (33,34).

Recently, a base excision repair mode has been proposed. In this



process; the first step is the removal of the damaged ‘base by an
' -N-glycosidasé while the backbone of the DNA sT}and remains intact.
.TheiresuHTInggapurinicAor apyrimiainié‘sife is then removed as de-
scribed eariier. -This kind of DNA repair is believed to"be respon-
sible far the removal of uracil of_alkyla#ed bases from the DNA’
molecule (35,36) - (Fig. 2).

The remaining DNA repair pathways can be grouped together in
a class fermed daughter strand repair (25). Wifh this mode of DNA
'repair_fhe:!esioné~are‘no?4removed from»Thé=DNA, but are merely
diluted out as a result of DNA replication. These repair mechanisms
are by far the least understood in term of the enzymes or proteins in-
volved. In the process of postreplication recombination, The normél
FQPIFCaTﬁon mechanism apparently bypasses the damage and leaves a
gap in the daughter strand opposite the damaged region. This
gap is then filled via a recombination event with the undamaged
parental DNA as illustrated in Figure 1. This repair process is
error-prone. Another error-prone repair mode | cal led bypass re-
plication has been proposed a few years ago (37). According to
this model, the position opposite the lesion in the newly
formed complementary strand is filled at random. Theré.isvalso an
error-free bypass replication (38). This process involves a
branch ﬁfgrafﬁon in which the two daughter sTrands-anneaI to one
another. Theh the gap corresbondfng to the Iesion_sife in one
daughter strand is fi!led by using the other daughter strand as

a template.



4. Apurinic endonuclease in human cel! lines :

Several human genetic diseéses are associated with a DNA re-
pair deficiency (39-41). Apurinié endénuclease activity has been
analysed in crude extracts of fibroblasts derived from patients
with .these diseases, and is within the normal range in the cases
of ataxia Telangiecfasia, Fanconi’s'anemia, Bloom’s syndrome, |
CQckayne?s syndrome and progeria (42,43). However, in some cell
lines of xeroderma pigmenfosum; apurinic endonucléase activity

was shown to be defective (44,45).

5. Inherited DNA repair defects in xeroderma pigmentosum :

Xeroderma pigmentosum (XP) is an autosomal recessive disease,
patients are exTremeiy.sensi+ive to sunlight and.haVe a high
incidence of skin cancer. When XP cells were treated with UV
light or chemicals such as 4-nitroquinoline-1-oxide, bromobenz(a)-
anThracené or acefylaminoffuorene,ﬁifnwas found.ThaT excision
repair was deficient in most XP cell |ines, but normal in
others (46-48). The latter group of XP cells is called XP variants.
Using Sendai virus, fibroblasTs from different XP cell lines can
be fused. Thé resulting heterokaryons may or may not have a normal
level of DNA repair synthesis to UV damage. These experiments
led to the assignment of various excision repair-deficient XP cel |
tines 1n+0'five-comp[emenfa*ion'groups:' They'are'desTgnaTed as
groups A, B, C, D, E (49).- Recently, the possible existence of three

'more complementation groups has been suggested (47). XP variants will

comp lement with all other cell strains.



I+ is‘generally_agréed that XP group A-E cells have a defect
in the incision step of the nucleotide excision repair pathway
for pyrimidine dimers (46,47), and cells of XP variants are defec-
tive in postreplication repair (50). Recent data indicate they
may be defective in ofﬁer modes of DNA repair as well. Thus, XP cells
were found to have a lower level of photoreactivating enzyme than
normal cells (51,52). A partial defect in postreplication re--
pair was also observed in XP group A-D cells (53;l

Kuhnlein et al. (44) reported that fibroblas%s from XP group
D cell lines had about one-sixth of the normal apurinic endonu=
clease aCvaiTy. The apparent Michaelis constants (KM) of the
apurinic endonuclease activity in extracts from XP group A and D
‘cells were higher than those of normal cells. Interestingly, only
patients of XP group A and D show neurological complications (54).
. Whether abnormal apurinic endonuclease activity has any etiological
role in the neurological symptoms in the XP patients Eemains a
question.” Apurinic endonuclease activity in the crude extracts
of normal human fibroblasts was resolved by phosphocel lulose co-
lumn chromatography into two species : an activity (flow-+hrough_
activity) that did not adsorb to the column at 10 mM KPO4 concen=
tration and another activity (high-sal+ eluafe) that eluted from
- the column at about 240 mM KPO4 éoncenfrafion. The flow=through
activity had a higher sedimentation coefficient of 3.3 S and an

apparent KM of 5 nM apurinic sites, while the corresponding values

- for high-salt eluate activity were 2.8 S and 44 nM respectively (45)



10.

Flow-through activity was not detected in fibrobfaéf extracts from )
XP-D cell lines. -In fibroblasts of XP variants, Thé level of uracil
DNA N-glycosidase activity was cléimed to be roughly half of that

of normal fibroblasts (55). No abnormality was revealed in other

XP cells. These observations suggest the base excision repair me-
chanism is defective in at least some XP cells. Thus, when cells

from aﬁ XP group A-cell line were exposed. to anvglkyiaTIng;ageﬁT; such
as ethylnitrosourea, the. frequency of sister chromatid exchanges was
severalfold higher than that of normal cellg similarly treated (56).

A slower removal rate for 06-alkylguanine was also reporTed.in

this XP group A cell line (57).
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6. Ob}eéfives :

From Thelabove discussion, one can infer‘fha+'wha+ever the
primary biochemical defect in XP éells'is, it has a pleiotropic
effect on different DNA repair mechanisms. One possibility to ex-
plain the genefic heterogeneity and multiple enzymatic deficiencies
of XP is that the different repair enzymes share common regulatory
components. One or more of these components may be defective or pro-
duced in reduced levels in XP cells. There is aévyef‘no documen-
tated evidence for the existence of repair enzyme complexes except
perhaps the controversial endonuclease || activity from g;sggll (65.
This enzyme contains apurinic endonuclease acfiQiTy and- is also
capable af releasing 06-meThy|guanine and 3-methyladenine from me—'
Thyla*ed DNA. Endonuclease || may thus be a preparation containing
several different enzymes (6,77, 26, 34, 35). A éTable dimer
of "endanuclease 11" and apurinic ‘endontc!easé can-also-be formed
(58).

An ﬁnTeresfing phenomenon was revealed when flow-through
apurinic endonuclease activity from humar fibroblasts was re-
applied to the phosphocellulose column% The column was eluted’
firsT.wth a 10 mM and then a 0.3 M KPO44buffer;. It was re-
ported that about 80% of the recovered activity was égain'found
in the flow-through fractions while the rémaining aCTiviTy,now
only eluted with 0.3 M KPO4 buffer. This result suggests a pos-
sible conversion of the flow-through enzyme specieé to the high-
salt eluate form. ‘As‘di$cussed earlier, the flow-Througﬁ enzyme
‘species hés a lower KM and possibly a higher moiecular:yeighf :

than the high-salt eluate species. - An accessory molecule may
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complex with the high-salt eluate apuriﬁic endonuclease ‘to form

the flow—%hrough species. To pursue Th{g problem further, a large
amount of cell extract is needed. An afTernaTive source of mate-
rial therefore seems more preferable than human fibroblasts, A
possible candidate is a human cell line called Hela cells, cells

of ‘which can grow in suspension cu!fure. Before going into any
targe scale study, it is necessary to establish if Hela cells have
also a flow-through and a high-salt eluate species of apurinic
endonuclease as human fibroblasts. In‘This thesis, | shall report
the partial purification and characterisation of apurinic endonucl-
eases from Hela cells. The purification method was according to
Kuhnlein et al. (45). |

The analysis of-apurinic endonuclease activity from Hela cells

in itself is interesting since this cell line is neoplastic in
origin (59). Research in the past decade has indicated a relation-
ship between proficiency of DNA repair mechanism and susceptibility
of an individual to cancer (39,60). Crude extract from Hela cells
was reported to have a higher endonuclease activity fér UV-irra-
diated DNA (61), yet its apurinic endonuclease activity was

simiiar to those of‘ﬁormal human fibroblasfé (42).. 1+-.was pdinted
out that in vitro measurement of composite activity of multiple
endonucleases 1n crude extract might not .reveal a deficiency of the
actual repair enzyme! An example was the finding that in E. coli
UV endonuclease activity was the same in crude extracts of wild,

type and UV-dimer excision-deficient mutants. The paradox was re-

solved by the diemonstration of two UV endonucleases, one of which
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was abséhf in the mutants (62).

Thereforé, one of my objectives was to see if | could show any
difference in apurinic‘endonucleaée ac+jvi+y between Hela cells
and human fibroblésfs. The different species of apurinic endonuclease
from Hela cells were characterised with respect to their optimal
requirements for MgCIZ, pH optimums, heat sensitivities, salt con-
centration dependences and molecular weights. To provide further
evidence for a conversion of the flow-through speeies to the high-salt
eluate species of apurinic endonuclease, the preliminary experiment of
of phosphocelilulose column rechromatography as described eérlier in
this section, was repeated in more details. A linear gradient of
KPO4 solution was used as elution buffer in place of 300 mM KF’O4
solution. The objective was to show that enzyme activity derived
from the flow-through species of apurinic endonuclease -was-also eluted

from the phosphocellulose column at around 240 mM KPO4 concentration.



MATERIALS AND METHODS

1. Tissue culture :

(a) Cell lines : Hela cells were a gift from Dr. J.B. Hudson of Micro-
biology Department, Univefsi+y of British Columbia. Peggy cells, were
human fibroblasts .grown from a skinvpunch?biOpsy from a normal Cau~
casian female.

(b) Culture media : Dulbecco’s modified Eagle’s medium (Gibco) was’

routinely supﬁlemenfed with 10% of fetal calf serum (Gibco) and

the following antibiotics : Penicillin (80 units/ml, final concen~
tration), streptomycin sulphate (23.7_ﬁg/ml), Kanamycin (JOO_ﬂg/mI)
and Fungizone (2.5vﬁg/m|). The anTiBioTics were all purchased from
Gibco. The medium was adjusted to pH 7.0~7.5 with 7.5% sodium
bicarbonate solution. The culture medium was sterilized by filtering
through a Sartorius membrane paper,Wifh a pore size of 0.2 um.

Ce) Cé]iAgroQIQ‘:_Cells were grown in 32 ounce pfescripTion bottles
(Brockway Glass Co. Inc.) with 50 ml of culture media. Incubation
was at 37°C in a humidified incubator with 5% CO2 and 95% airl
Confluent cells were split 1:4 after treatment with ftrypsin solu~
tion (Gibco).

(d) Cell harvesting : Cells were harvested in batches of 6-12 bot-

tles when they were near confluency. The cell culture media were
poured off. Cells were washed twice with 10 ml. of phosphate-
buffered saline (25 mM KPO, (pH 7,0)/0.15 M NaC!l /0.015. M sodlum

‘citrate) and suspended in 40 ml of phosphate buffer saline by scra-

ping from the bottle surface. Alternatively, the cells were re-
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leased from the bottle surface after incubation with 5 ml of trypsin'
" at 37°C for 10 min. The cells were Then washed twice in phosphate
buffer saline byAcen+fifuga+ion and resuspension. Cell pellets were*
stored either directly in liquid nitrogen or they were first resuspend

in 2 mb of 50 mM Tris-HCI(pH 7,5) before‘sforage.

2, Preparation of PM2 phage DNA :

Methods for the culturings of PseudéﬁQHéS_Ba!—BJ'baCferia and
PM2 phage were modified from those of Espejo and Canelo (63).
(a) Bal-broth : 1 |. of sterilized soluTion contained 10 mM Tris-
HCI (pH 7.5), 12 gm of magnesium sulphate (MgSO4.7H20,.Sigmé), 26‘gm
of sodium chlorfde (Fisher),8 gm of bactonutrient broth (Difco),
0.01 M of calcium chloride, 3.5 ml of 20% potassium chloride.

(b) Bal-top agar : 5 gm of bacto~agar (difco) was dissolved in 1 J.-

of Bal~broth and sterlized by autoclaving. It was liquified by
heating in a water bath at 50°C before use.

(¢) Bal-plate : 23 gm of bacto-agar (Difco) was dissolved in 1. 1.
of Bal-broth and ster!ized by autoclaving, The agar solution
was de!i&ered in aliquots on plasfic dishes (87.5 mm x 15 mm

Cantab), and allowed to solidify at room temperature.

(d) Plague assay for phage titer : Pseudomonas Bal-31 bacteria
were groWn in an aerated test tube with about 10 m! Bal-broth at
28°C overnight. For phage assay, 3 ml of Bal-top agar was added
to 0.1 ml of overnight bacteria culture with G.1 ml of phage
aliquot. The solution was mfxed and poured on the Bél-plaTes

and incubated ovérnighf at room temperature. The phage titer was
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estimated by counting the number of plaques appeared.

"(e) Preparation of phage stock : Pseudcomonas Bal-31 bacteria were §

_grown in gOO to 500 ml-of Bal~broth a+428°C to a density of 2 x Q
107/ml and infected with PM2 phage at .an MCI- of 105§.phage per bacf;
erium. The culture was incubafedvovernigh+. The bacteria and cell
debris were pelleted by centrifugation.at 10,000 rpm for 15 min

with a Beckman Type 21 rotor. The suspernatant was used as the

phage stock and usually had a titer of 5 x 1O1O/ml.

(f) Preparation of 3H—Iabelled PM2 DNA : Bacteria Pseudomonas Bal-

31 were grown in a 1.5 |. Bal-broth ina 3 |, erlenemeyer flask at
28°C. Aeration was created by stirring the culture vigorously with
a magnetic stirrer. When the bacteria reached a density of 3 x 108
/ml (titered with a Petroff-Houser bacteria counter), 0.15 gm of
deoxyadenine (Sigma) was added to the medium. ‘Five min Iafer, the

cells were infecfed'wifhﬂléZ:x'1012

PM2 virus. - After 5 min, 1.5 mCi
of mefhyk-3H thymidine (specific activity 50 Ci/mmole, New England
Nuclear} was added and the culture was incubated overnight. Bac-
teria and cell debris were removed by ceATrifugaTion for 15 min¢aTJ 
10,000 rpm with a Beckman Type 21 rotor. .The supernatant was
centrifuged for 3 hours at 20,000 rpm with fhe same rotor. The
pellet which contained the phage particles was resuspended in

about 15 ml of RB buffer containing 20 mM Tris-HCI (pH 8.0)/1 M

NaCl and centrifuged for 10,000rpm for 15 min in a Beckman Type 50
Ti rotor. The pellet was discarded, the supernatant was centri-
fuged for 50 min.at 50,000 rpm in the same rotor. The pellet.was

resuspended in 15 mi of RB buffer and centrifuged for another
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10,000 rpm for 15 min. The final supernatant waé made to have a
-density of abou+ 1.28 gm/cc with CsCi. The phage pérTicles were i
banded by centrifugation in a polyallomer tube with a Beckman Type .
50 Ti rotor at 40,000 rpm for 24 hours at 20°C.

After the CsCl density gradient cenfrifugafion; one major
band of phage particles was evidenTlin the middle of the polyallomer
tube (Fig. 3).. A minor band of material was also evident below
the major band. The material in this minor band was not analysed
and was discarded. The material in TheAmajor band was collected
and dialysed against 1 |. of 0.02 M Tris~HC! (pH 7.5)/0.1 M NaCl/
1.mM EDTA for 3 houfé or more. The phage was lysed by 10% SDS
added dropwise until the solution waé cleared. : The phage DNA was
extracted in the aqueous phase by phenol extraction as described
by Espéjo et al.(64). The PM2 DNA was then dialysed extensively
against 0.0t M Tris (pH 7.5),

PM2 DNA concentration was defermined by meaéuring'fhe absor=
bance at 260 nm. The molar extinction coefficient Eigﬁ 260 nm of
PM2 DNA was assumed to be 6.5 x 103. A typical result where the

PM2 DNA had been diluted 10-fold and gave an 0.D. m of 0.32

260n
was as shown in Figufe 4. The concentration of the DNA was calculated

as 0.49 mM. Typical yields for a 1.5 1. culture were 10-15 ﬂmoles

nucleotide of DNA with a radioactivity of 6,000~8,000 cpm/nmole.

3. Enzyme purification :

All purification procedures were carried out at 2°c.

(a) Preparation of cell extract : Frozen cells Were thawed and resus-~
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Figure 3. lsolation of PM2 phage particles by cesium chloride
density-gradient equilibrium centrifugation.

The upper whitish band contained the phage particles

(arrowed) .
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pended in 2 ml of 50 mM Tris~HCI (pH 7.5)/0.1 mM DTT. The cells
were disrupfed with sonic irradiation 6 times for 15 seé each.
The sonicate was centrifuged for 56 min at 50,000 rpm in a Beck-
man Type 50 Ti rotor and the pellet discarded. The supernatant
fluid (high speed supernafanf),was subjected to further purifica=-
tion. 10 bottles normally yielded 8;10 mg of soluble protein.

(b) DEAE-=cellulose chromaTography : A column of Whatman DE-22 DEAE-

cellulose (5 mm x 35 mm) was prepared and equilibrated with buffer

A (50mmM Tris-HCI (pH 7.5)/0.4 M NaCl1/10% glycerol/0.1 mM DTT).

The high speed supernatant was adjusted.to have. the same:buffer content
as buffer A and loaded onto the column at a flow rate of 0.125 m!/min.
The column was then washed with buffér A at the same flow rate.
Fractions of 1 m! were collected, usually the first four fractions
containing most of the activity were podled and dialysed overnight
against two 400 ml aliquots of buffer B conTaining 10 mM KPO4(pH 7.4)/
10% glycerol/0.1 mM DTT. The final dialysate (DEAE pool) was re-
tained.

(c) Phosphocallulose chromatography : A column of Whatman P-11

phosphocellulose (1.1 cm x 3.5 cm) was prepared and equilibrated

by washing wiTﬁ buffér B. The DEAE pool waé applied to the column

at a flow rate of 0.04 mf/min. - The co]umnvwas then eluted with -
7-to 9 ml of buffer B, then 310 5 ml of 50 mM KPO4(pH 7.4)/10%
glycerol/0.1. mM DTT and a 46 ml linear gradient of 50 to 400 mM
KPO4(pH 7.4)/10% glycerol/0.1 mM DTT. Fractions of 1 ml were col-
lected in plastic tubes. 10 ul of 10 mg/ml acetylated BSA was added

to each fracticn to stabilize the enzyme activity. The fractions
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with most enzyme activity were made to 35% glycero! and stored at

-20°¢.

(4) PM2 DNA depurination :

" Depurination buffer was made up of 1 M NaCl, 0.1 M sodfum ci-
trate and adjusted to pH 4.0 with HCl. The depurination buffer was
then diluted 10-fold with PM2 DNA which was in 10 mM Tris-HCI (pH
7.5). Thus, depurination was carried out at 7090 for 15 min - with
0.5 mM DNA in 9 mM Tris-HCI, 0.1 M NaCl, and 0.01 M sodium citrate.

The final pH of the solution was 4.6.

(5) Filter-binding assay :

0.15 mI.of 0.01% SDS/0.25 mM EDTA (pH 7.0) was added to the
DNA reaction mixture followed by 0.2 ml of 0.3 M KZHPO4-KOH'ipH
12.4). After 2 min at room temperature, the solution was neutralized
with 0.1 ml of 1 M KH2P04-HCI'(pH 4.0). This treatment was found

to denature nicked PM2 DNA, but not covalently closed molecules.
However, Qhén the pH of the 0.3 M KéHPO4-KOH added was above pH 12.8,
unnicked PM2 DNA also became denatured.(Fig. 5). 0.2 ml of 5 M

NaCl and 5 ml 50 mM Tris-HCI (pH 8.0)/1 M NaCl were then added
successively. 'The solution was filtered through a nitrocellulose
membrane filter paper (Schleicher and Schnell type BA 85, 0.45 um
pore size) whiéh selectively retained denatured DNA (65). The fil-
ter was washed with 5 mi of 0.3 M NaCl/0.03 M sodium citrate, dried

and counted in a liquid scintillation counter (Searle, Del#afSOO,

liquid scintiltlation system) with 5 ml of scintillation fluid.
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Figure 5. Standardization of filter-binding assay.

The filter-binding assay was carried out as described

in Materials and Methods, except the 0.3 M KéHPO4-KOH

added was of various pHs as indicated. Untreated DNA

was used in this experiment. |+ contained less than

0.2 nicks/molecule.



23.

Scintitlation fluid was made up of 3.8 |. scintillation g;éde
 toluene (Fisher) with 15.2 gm PPO (Syndel Lab. Ltd.).and 0.38.gn ¢
of POPOP (Syndel Lab.-LTd.). |

Total DNA presented in a reaction mixture was esTiméTed by
measuring the radioactivity of_ah aliquot spotted on a blank fil-
ter: paper. The proportion of nicked PM2 DNA (X) retained on the
filter paper was then calculated.. The average ngmbér 6f nicks/.
‘molecule in the DNA (w) was obtained from the equation w = -In(1-X),
The equation was derived by assuming a Poisson disTribuTiQn of the
target sites among the DNA“moleéules (44). Assuming the PM2 DNA had
18,000 nucleotides, the amount of PM2 circles in a 50 ul reaction
containing 0.05 mM PM2 DNA nucleotide was 138.8 fmoles. Thus, Thé

total nicks in a reaction mixture was estimated.

6. Apurinic endonuclease assay :

Endonuclease activity was assayed by monitoring the conversion
of superhelical PM2 DNA to nicked circles. Unless otherwise stated,
a standard reaction mixture (0.05 m!) contained 0.05 mM depurinated

- PM2 3H-DNA nucleotide, 50 mM Tris-HCI (pH 8.0), 10 mM MgCl 10 mM

29
KCI, IO‘mg/m! of acéfylafed BSA, a IOO—foId dilution of the depurin-
ation buffer introduced with the depurina*ed DNA and.an appropriate
amounf'of enzYme. After an incubation for 10 min at 37OC, The‘reacfions
were chilled and the filter-binding assay carried out as described ear-
lier. Assays were corrected for nicks occuring in the DNA preparation

and during depurination. The blank was.0.2-0.4 nicks/molecules.

A unit of endonuclease activity catalysed the production of
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! pmole of nicks per min. Under our conditions, the assay gave a
linear response with enzyme added ub to a,levél which produced app-
roximately one incisién per molecule. The lowest level of nicking

- we used to calculate enzyme activity was at least 10% greater than

t+he blank.

7. Sephadex G-100 column chromatography :

A column (0.9 cm x 27.5 cm) of Sephadex G-100 (particle size
40-120 um,Sigma) was prepared and equilibrated with two different
buffers : buffer X of 50 mM Tris-HCI (pH 7.5)/50 mM KCI/0.1 mM DTT/
10% glycerol and.buffer Y of (50 mM Tris-HCI (pH 7.5)/1 M KCI/0.1 mM
DTT/10% glycerol.

To avoid s+irring up of the gel dur}ng sample loading, a piece
of Whatman no.1 filter paper was placed over the gel surface, and a
layer of elution buffer -was put on ftop of the column.~.The sample (0.5
ml) was made to 35% glycerol and layered onto the column caréfully
with afpaéfeur bipeTTe. The column was eluted with buffer A or B
at a rate bf.0.056 mi/min. FracTioﬁs of 0.5 ml| were collected.

The following standard proteins were used for calibration and were
purchased from Sigma : BSA, ovalbumin (egg white), B-lactoglobulin

A and B (milk); myoglobin (whale skeletal muscle, Type 11), cyfé—
chrome C (horse heart, Type VI). The molecular weights of these
proteins are 64,000, 45,000, 35,000, 18,000, 12,384, respectively.

The void volume (Vo) of the column was measured with blue dextran
(average molecular weight 2,000,000, sigma), the total volume“(V+)’ was

determined with bromocreso! purple (molecular weight 540.2, Sigma).

it
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The'absorbénce at 660 nm was deTerminedafor each column fraction.
The eIuTioﬁ volume (Ve) for each standard protein was determined
by the absorbance at 280 nm. - The elution constant (Kav).was cal- -

culated by the equation-Kav = (Ve-Vo)/(Vt-Vo).

8. Sucrose gradient centrifugation :

4.4 m! of a linear gradient of sucrose (5-20%) was Iayered.
above a 0.25 mi cushion o¥ 60% sucrose in a polyal]omer tube (Beck-
man). The sucrose solutions used to form the gradient conTaiﬁed
50 mM Tris=HCI (pH 7.5)/0.1 mM DTT énd,for some experiments, 1 M KC|
also. The enzyme sample to be analysed was firsf dialysed overnight
_agafﬁsf two changes- of 500 ml of.50 mM Tris~HC! (pH 7.5). To minimize '
disturbance of the gradient, 0.25 ml of the enzyme sample was |a-
yered on top of the gradient from a micrdpﬁpeffe attached T0~a.f
ml syringe. Centrifugation was for 27 hours at 50,000 . rpm in a
Beckman SW 50.1 rotor at 2°C. Fractions of.O.Z ml were collected
for enzymé assays. BSA (4.25 S), B-lactoglobulin (2.85 S), myoglo-

bin (2.0 S) were used as marker proteins.

9. Salt treatment of enzyme aliquots :

The enzyme aliquots were made to 2 M KCl or 2 M NaCl and in-
cubated on ice for an hour. They were then subjected to anélysis
by either Sephadex column chromatography or sucrose gradient
centrifugation. |In some experiment, the aliquots were-cenfrifuged
in a table-top Eppendorf Table Cenfrifuge for-5 min. No differ-

_ence was observed between the experiments with or without the
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centrifugation step.

10. Preparation of acetylated BSA :

1 gm of BSA (Sigma) was dissolved in 25 ml of saturated sodium
acefafe and 25 ml of 0.2 N sodium phosphate (dibasic) and cooled to
0°c on ice. While stirring on ice, 50 ul of actetic aﬁhydride was
added to the BSA solution every 30 min for a fofa[ of six addiffons.
The solution was stirred for a further 45 min and then dialysed
extensively agaihsT distilled water. The solution was neutralized
to pH 7 with 5 N NaCH, and stfored at -20°C. This TFeaTmenT sho Id
destroy various contaminating eniymé activities as well as greatly

reduce the affinify.of BSA for various small molecules.

11. Protein determinations ':

Protein concentration was measured by the method of Lowry et

al. (66) using BSA as a standard.
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RESULTS

1.. Quantification of number of apurinic/apyrimidinic sites in de-

purinated DNA :

Apurinic sites in the DNA are susceptible to élkali hydrolysis.
The number of alkali-labile sites iﬁ the depurinated DNA is in good
agreement with the number of siTes~suscepTibJe%TQ;Thewapurinic'
endonuclease activity (16,45). To achieve alkali hydrolysis, the
_ fiiTer-binding assay was modffied by leaving the }eacfion mixture
in alkali condition for a prolonged period of time at 37°C. Alkali
hydrolysis of depurfnafed DNA was found to be complete in 40-60 min
at 37°C (Fig. 6). The numbef of apu}inic sites in the depurinated
DNA for our enzyme assays was thus estimated to be about 3.1 nicks/

molecule (Fig. 7).

2. Purification of apurinic endonuclease activity from Hela cells :

- The results of a typical purification are summarised in Table

(a) High-speed centrifugation : This purification step is necessary

to remove a non-specific endonuclease acfiv}Ty (enzyme activity -
that nicks native DNA) from the cell Iysafe. -This acTiviTybwas de-
tected in the flow-through frac+fons (eTuTed from the column at

10 mM KPO4 concentration) from the phosphoce!lulose column when

The centrifugation step was ddne at a lower speed of 10,000 rpm.
The presence of this nonspecifié nickihg activity would mask the

detection of an apurinic endonuclease species.
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Table I. Purification of apurinic endoniclease activity from Hela

cells
Fraction - Volume Protein  Activity Specific activity % yield
(ml) (mg) (units) (units/mg)
High speed 4 10.2 8460 830
supernatant
DEAE pool 3.8 6.84 6700 980 80
Phospho- | 3.3 30 8.2 0.4
cellulose | 0.124 80 630 1.0
11 0.18 1650 9200 19.5
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(b) DEAE-cellulose chromatography : This:column Wa§ used to remer
nucleic acids from the cell extract (67). Aboﬁf 80490% of apurinic
endonuclease activity and 70-80% of the fotal protein was reco--
vered from the DEAE-cellulose column.

(c) Phosphocellulose chromatography : Three peaks of apurinic endo-

nuclease activity were obtained fromlfhe phosphocel lulose column.
Fractions with the most activity were pooled (Fig. 8) and used in

subsequent analysis. They are hereby designated as enzyme species

Peaks |, Il and 11l. Peak | did not adsorb to the phosphocellulose
;olumn at 10 mM KPO4, Peak |l came out from the column at about 210
mM KPO4 and Peak |1l at 260 mM KPO4. Based on their affinity to
phosphocel lulose, Peak | and Peak Ilf presumab ly correspoﬁd to the

flow=-through and the high-sal+t eluafé apurinic endonuclease acti-
vity of human. fibroblasts, respectively (45). Peak 11 waé the ma-
Jjor species of apuriﬁic endonucléase acfivify in Hela cells. Peak
| and Peak || were reIaTively'minor specieé, each amouﬁfed to only
2-5% the activity of Peak Ill. Peaks |-and Il did not seem to be
artifacts resulting from Qverloading of the column. We obtained
similar distribution of the three enzyme activities in several ex-
periments where the amount of protein puf‘oh the phosphocel lulose

column ranged from 0.47 mg to 8 mg.

Recovery of apurinic endonuclease activity from the phosphocellu—

lose column was generally about 30% of the total activity put onto
the column.
With the assay conditions for apurihic endonuclease (see Methods

and Materials), no significant amount of nonspecific endonuclease
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activity (activity that nicks native PM2 DNA) was found in the ely-
‘ate of the phosphocellulose column except in the flow-through fract- T
ions. HoYever, when the enzyme assay Qas performed in a condition of?
10 mM Tris-HCI (pH 7.5), two more peaks of nonspecific endbnucleése
activity were detected : One elu?éd from the column at about 180 mM
KPO4 and another at about 300 mM KPO4. We are now in the progress

of determining whether they have any preference for oThér DNA le-
sions. Endonucleaées that incised native DNA were also found in E.
coli. Some were shown to be more active on DNA treated with UV

light and osmium tetroxide. One of the endonucleases, endonucliease

V, was highly active on uracil-containing DNA. This suggesfed a
nycleofide excision repair mechanism for removal of uracil residue;
from the DNA besides a basé excision repair mode ultilizing ufacilf
DNA N-glycosidase (69).

Table | also indicates that at this stage of purification, Peaks
I-111 were still in a very crude state. This was paETicularIy true
for Peak I, since the bulk of the protein also eluted in +he f | ow- .
through fractions. The maximum purification faéfor achieved (calf
culated relative to the high speed supernatant) was about 10 for

Peak 11t.

3. Phosphocellulose rechromafoqraphy of apurinic endonuclease

activity of Hela cells :

Peak | and Peak |1l pools were each dialysed against two chan-
ges of 500 ml of a solution of 10 mM KF’O4 (pH 7.4) oVernighT and .

subjected to phosphocellulose chromatography again.
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When Peak | was rechromatographed, 50-60% of the recovered
activity again eluted in the flow-through fractions. A peak of
acTiviTy at around 260 mM KPO4 was also evident. The rest of

the activity eluted between 170-210 mM KPO, (Fig. 9). In the case

4
of Peak |11, about 96% of the recovered activity eluted from the
column at 260 mM KPO4. However, 4% of the recovered activity was

now recovered in the flow-through fractions (Fig. 10). The result
squesTed that for a yet undetermined reason, there is an inter-
conversion between the flow-through and the high-salt eluate species
of apurinic endonuclease of Hela cells. To provide further evidence
for this phenomenon, it would be of in+eres+ to rechromatograph the
flow=through activity for a second time on the phosphocel lulose
column, and to see if there will be again a 50 : 50 distribution of
enzyme activity in the flow-through and the high-salt eluate frac-
~tions. A larger:amount of enzyme -extract -would-be needed for such

experiments.

4. General properties of apurinic endonucleése,acffvi+v»in Hela celis :

(a) Requirement of magnesium ions : All three enzymes species had
some residual acTivines in the absence of d}valenf cafiqn, and were
strongly sTimuIaTed by the presence of MgCIz. They were optimally
active et »aroundﬂ5-10.imM.MgCI2 (Fig. 11). MgCl2 concentrations
above 15 mM were inhibitory.

(b) pH opfimum : Peak | and Peak || had a pH optimum around 8 (Fig.
12). In both cases approximately 60 to 70% of the activity at op-

timal pH was marifested at pH 7.3 and 8.6. Peak !l| had an optimum
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Figure 9. Phosphocellulose

rechromatography of Peak -I.

Figure 10. Phosphocellulose

rechromatography of Peak I11.
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Figure 11. Effect of MgCI2 on apurinic endonuclease activity of
Hela cells.
(a) Peak |, (b) Peak Il and (c) Peak I111I.
Enzyme assays were performed as described in Materials and

Methods with-the concentrations of MgCI2 indicated.

A: ‘A apurinic DNA, a & native DNA.
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Figure. 12, Effect of pH on apurinic endonuclease activity of Hela
cells. (a) Peak’l, (b) Peak Il and (c) Peak II1.

The final pH of the standard reaction mixture was

varied between 6.1 and 8.6.

dr e Tl e b A R AN SR ¢ sty s



38.

at around pH 7.5. No significant nonspecific endonuclease activity

was de*ecféd in Peaks |l and IIl over the range of pH tested. How-
| »

ever, nonspecific endonuclease activity.in Peak | was greatly stimu-
b} .

lated at ph below 7 (Fig. 12a). A similar finding was also reported
wiTh'The'human lymphoblastic cell line CCRF-CEM (71).

(c) Effects of NaCl and KCI concentration : Increasing concentrat-

ions of NaCl seemed to have anvinhibiTory effect on all +hfee én-
zyme species. At 40 mM NaCl, all three enzyme,écfivifies,were in-
hibited to abouT'70%vof the activities in the absence of NaCl (Fig. 13).
Peaks | and Ilnwere also inhibited by increasing concentrations of
KCl, while the enzyme activity of Peak 111 wés.sligthy stimulated by
Thé presence of 20-40 mM KCI and was not inhibited by KC| concen-
trations up to 100 mM.(Fig. 14).

(d) Heat inactivation : Aliquots of Peaks |-I1I1 were made 50 mM KPO

4
(pH 7.4)/10% glycero!/0.01 mM DTT/0.1 mg/m!. acetylated BSA and heated

at 45°C for various time. The resuits are summarised in Figure 15, .
Peak | waé quite stable to prolongea heating at 4500, while the
other Two>species were heaT;Iabile. Peak |11 was most heat-labile,
it had a half-life of 2.tfo 3. min. Enzyme activity in Peak || was
inactivated initially with a half-life of 2 to 3 min as Peak 11T,
‘the remaining 40-45% enzyme activity was more heat-stable with a
half-life of about 25 min. The result suggested the presenée of
two forms of apurinic endonucleasé in Peak |l with markedly dif-

. ferent heat sensitivities.

5. Molecular weight determinations of Peaks [-1{]:
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ngure 15. Heat inactivation curve of apurinic endonuclease
activity in Peaks I-111.
Aliquots of Peaks |-1|] were made 50 mM‘KPO4 (pH 7.4)
by adding 1 M KP.O4 in the case of Peak | or by diluting
with destilled water in the cases of Peaks |l and 11,
The aliquo+s were heated at 4590 for 0-25 min. The
residual apurinic endonuclease activity was determined as
described in Materials and Methods. The results, as
percenfaées of initial activities, were plotted on a

semi-lcgarithmic scale.
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A Sephadex G-100 column was used to :analyse THe molecuiar
weights of the three forms of apurinic eﬁdonuclease écfivify. fni-
tially, Sephadex buffer X was used to elute tThe enzyme. However,
when Peak | of a particular experiment was run on the Sephadex G-100
column, most of the recovered .apurinic endonuclease activity eluted
in the exclusion volume of the Sephadex G-100 column (Fig. 16).

This would imply that the apurinic'endonuclease activity was ass-
ociafédiwi+h a complex of a molecular'weighT greafer than 1Q0,000.
The remaining activity was distributed in fhe fractions correspond-
ing To-molecular Qeighfs of 60,000-25,000. -Similar results were
obtained with Peaké Il and IIl., But in addfTion, another peak of
enzyme activity was obtained in the fracTions corresponding to a
molecular weight of -8,000-6,000 (Fig. 17). When a_DEAE pool of Hela
cells extract was run on the column, the distribution of apurinic
endonuc|ease activity resembled that of a run of Peak I. These find-
ings suggest the "Ioﬁ molecular Weighf" form éf épurinic endonuclease
activity dissociated from the high molecular weight compliex due to
the relative high ionic strength (1.2-1.56) of the-200-mM to 260 mM
‘KP_,O.4 in-the pools of:Peaks |l and 111.

We then experiménfed¥WE+h the condifioﬁs to dissociate apurinic
endonuclease from the high molecular wéighf complex. For these ex-
periments, DEAE pools of Hela cells extracts were used. It was found
that the high molecular weight complexes dissociated wiTh'increasing
salt concentrations. Incubation of the DEAE.pool~for an hour at 0°C
.in 2 M NaCl or KCI was sufficient to dissociate most of the high

molecular weight complex. The apurinic endonuciease activity would
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The column was eluted as described in Materials and
Methods with Sephadex elution buffer X containing

50 mM Tris=HCI (pH7.5)/50 mM KCI/0.1 mM. DTT/10% glycerol.
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Figure 17. Sephadex G-100 chromatography of Peak II1.

The column was eluted with Sephadex buffer X.
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then appear as having a low molecular weight of 6;000-8,000 (Fig. 18).
Sinﬁe apurinic endonucleases from other:sources were reported to have

a monomeric moleculaf weight of 40,000-28,000 (26-31, 45), our results
were unexpected. To check if these results were peculiar‘properfies of
Hela cells or artifacts of the Sephadex_column chromatography, the foI-A
Ibwing experiments were devised.

We repeated the above expérimenfs with flow-through activity ob-
tained from normal human fibroblasts of Peggy celis. Apurinic endo-
nuclease was also found to associate with a high molecular weight com-.
plex (Fig. 19), and a "low‘mo!écular weight" form of apurinic endonu-
clease appeared when the enzyme pool was.treated with 2 M KC! or NaCl:

A pool of the "low molecular weight " form of Hela apurinic endonu-
clease was then rechromatographed oh the Sephadex G—1dO column,

A smear of apurinic endonuciease activity was obtained all along the
column. Recovery of enzyme activity was about 1-2%. But if the pool
was first incubated with 2 M KCI before the rechromatography, a peak
of "low mOlecular‘weighT" apurinic endonuclease activity would again
be de+ec+éd (Fig. 20). The result could be éxplained if the "low
molecular weight species of apurinic endonuclease had a tendency to
aggregate. Alternatively, apurinic endonuctease could adsorb to the
Sephadex G-1OO cofumn and only-eltuted from the cofumn In Thé;pre_
sence of higher KCI concentrations.

When a DEAE poo! of Hela cell extract was analysed by sucrose
gradient centrifugation, most of the apurinic endonuclease activity
»;sediménfed-in the bottom of the centrifuge Tqbe; with an S value
much bigger than BSA (4.25 S) (Fig. 21). This agreed with the resul+t

of the Sephadex G-100 column chromatography. However in an experiment
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18. Sephadex G-100 chromatography of a Hela DEAE pool.

The DEAE pool was made to 2 M NaCl and 35% glycerol.

I+ was then incubated at 0°C for 1 hour before put

onto the column. The column was eluted with Sephadex
buffer X.

The markers A-E were dextran blue, BSA, B-lactoglobulin,

cytochrome C and bromocresol ~purple,réspec‘rively.
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Figure 20. Sephadex G-100 chromatography of "low molecular
weight" form of Hela apurinic endonuclease.
A peak of "iow molecular weight" apurinic endo-
nuclease activity was obféined from Sephadex G-100
chromafography of a Hela DEAE pool as shqwn in
Figure 18. The fractions comprising this peak were
pcoled and subjected to Sephadex G-100 chromatography
again either directly (@=————n) or after incubation

with 2 M KC| (m ®) for an.hour at 0°C.
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Figure 21. Sucrose gradient centrifugation of a

The DEAE pool was not salt-treated.

24

Hela DEAE pool.

The sucrose

gradient . contained 50 mM Tris<HCI. (pH. 7.5)/0.1 mM DTT.
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where the DEAE pool was salt-treated with 2 M KC| prior to centri-
.fugafion,'apufinic endonuclease.activity sedimented in region
corresponding to a molecular weight of 45,000-35,000 (Fig. 22). No !
low molecular weiQhT species was detected. In this experiment, in
order to prevent any reaggregration, the sucrose gradient was made

1 M-KCl. The peak activity (fractions number 10-13) from this gradient
run was pooled and chromatographed on the Sephadex G-100 column after

a 2 M KCl salt-treatment. Half of the recovered épurinic endonuclease
activity was again eluted in the low molecular weight fractions (Fig.. .
23). It was therefore concluded the "low molecular weigh+h species

of apurinic endonuclease was an artifact due to adsorption of the en-
zyme to Sephadex. We found that this adsorption could be eliminated

b& an-elution buffer with a high ionic strenght. Thus, elution bu-
ffer Y containing 1 M KCI wés‘used in subsequent experiments. Ljung-
quist and Lindahl (72) had also used an elution buffer with a high
ionic strength (1 M NaCl) to .determine ‘the molecular weight of apurinic
endonuclease ffom E. coli by Sephadex G~75 column chromatography.

A calibration of the Sephadex G-100 column eluted with buffer Y was
shown in Figure 24.

. To determine the molecular weight of apurinic endonuclease act-
ivity freed from the complex, Peaks I-1I1| were salT—freaTed with 2 M
KCI. They were then put onto a Sephadex‘G-IOO column which was eluted
with buffer Y. B-Iacfoglobulfn (2.5 mg) was also added to each of the |
three enzyme pools and served as an internal marker. |t did not have

any significant effect on the endonuclease assay. The result of a run

of Peak Il was shown in-Figure 25. The major-peak of apurinic endo-
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Figure 22. Sucrose gradient cenfrifugafion'of a Hela DEAE pool
which had been salt-treated with 2 M KC| before centri-
fugation. |
The sucrose gradient conTained.50~mM Tris=HEI €pH.7.5)
/1M KCI/0.1 mM DTT.
Markers A, B and C were BSA, B-Iacfoglobﬁlin and myoglobin,

respectively. -
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. 23. Sephadex G-100 chromatography of'fhe peak fractions of
apurinic endonuclease activity obTained in the ex-
periment described in Figure 22. The peak fractions
¢riumber: 10-20) .of the sucrose gradient analysis
depicted in Figure 22 were pooled and chromatographed
on the Sephadex G-100 column after incubation in

2 M KCI fof an hour at 0°C. The eolumn was eluted

with buffer X.
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Figure 24. Calibration of Sephadex G—IOO.cqumn.
The column was eluted with buffer Y containing .50
mM Tris-HCl (pH 7.5)/1 M KC!1/0.1 mM DTT/10% glycerol.
Markers A-E were BSA, ovalbumin, B—Iacfoglobﬁlin,

myoglobin and cytochrome C, respectively.
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Figure 25. Sephadex G-100 chrémafography of salt-treated Peak |11

with elution buffer Y.

Peak |1l was incubated for 1 hour with 2 M KCI on ice

prior to chromatography. The column was eluted with

buffer Y. B-lactoglobulin was chromatographed together

with the enzyme pool and served as an internal size

marker.
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nucjease activity was found to.elute slightly befofe B-lactoglo~
bulin. A molecular weight of 35,000-40,000 was esfihafed for this i
species assuming the enzyme was a globular protein. Two other minor
peaks of activity were also detected. One eluted-at fractions cor-
responding to a molecular weight of 70,000-75,000, possibly a.dimer

of apurinic endonuclease or an enzymé.comp}eX‘of other entity.” An-
other activity eluted in the vicinity of cyTochrdme C. lnferésTfngly,

UV endonucleases of M. luteus were reported to have a molecular

welght of 10,000-15,000 (67).

For Peak |1, most of the apurinic endonuclease écfivify recover-
ed eluted at fractions corresponding to.a morecﬂdar WeighfwofuZZ;—
000-25,000 (Fig. 26). |

In the case of Peak |, the presence of:. KCl in.the column fractions
created a problem. Because of the low level of enzyme activity in
this pool, 5-10 ul of aliquots of each column fraction was needed for
the endonuclease assay. 5 upl of a column fracTibn would introduce
100 MM KCI into the assay mixture with a final volume of 50 ul. As
discussed earlier, high concentrations of KCl were inhibitory-to the
apurinic endonuclease activity in Peak I. Thus, the column fractions
were first dialysed in1 1. of 50 mM Tris-HCI (pH 7.5)/0.1 mM DTT/

10 % glycerol for 2-3 hours before +hey were used for enzyme 8assays.
With this modification, apurinic endonuclease activity from Peak | was
“found to elute -as a broad peak (Fig.'27)L-’f+ was inferred apurinic
endonuclease with a molecular weight of 45,000-50,000 was eluted in
+He first half of the broad peak. The other half of the broad peak

was composed of enzyme‘species with a molecular weight similar to-
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Figure 26. Sephadex G-100 chromatography of salt-treated
Peak |l with elution buffer Y.
Peak Il was prepared and chromatographed as

Peak |1l in Figure 25.
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those of Peak 1l1. The experiment provided further evidence for a
possible conversion of Peak | to Peak Il and Peak |11 upon phophos-

cellulose qechromafography.
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DISCUSS |ON

1. Comparison of apurinic endonuclease activity in Hela cells and

human fibroblasts :

(a) General properties : In agreement with -another. report (42),

we found that activity of apurinic eﬁdonuclease in crude extracts
(high-speed supernatant) of Hela cells was similar to that of nor-
mal human fibroblasts. The specific activity of apurinic endonu-
clease in crude extracts of Hela celfs was in the range of 400-
SOO'uniTs/ug of protein . The value reported fof normal human fi-
broblasts was between 380—670 unifs/ugAproTeins (44).

The apurinic endonuclease acTivay in Hela cells was then re-
solved info three peaks of activity by phosphocellulose column chro-
matography. They were designated as Peaks |, Il, Ill. They had a
similar pH optimum and Mg2+ requirement as the enzyme species of hu-
man fibroblasts. |

The enyme species of human fibroblasts were further reported
to be stimulated to 2.5-fojd by 10 mM KCI. They had a half-life
of 6 min at 45°C in 230 mM KPO4 (pH 7.4). But in Hela cells, all

three enzyme species were inhibited by incréasing concentrations of

KCl and NaCl, except Peak |11 which waé only slightly stimulated by
20-40 mM KCI (fig.15). Peaks I-!1| of Hela cells were different in
their thermosensitivities. Peak ||| was most heat-labile, its half-

life (T1/2) at 45°C in 50 mM KPO4 (pH 7.4) was only 2 to 3 min.
Little loss of enzyme activity was observed for Peak | under these

conditions. Preliminary experiments indicated that both species were
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more heat-sensitive in 250 mM KPO, (pH 7.4); at 450C, their half-

4
lives were less than 1.5 min. In E. coli, a minor sbecies of apu-
rinic endonuclease, endonuclease [V, was :found to be stable at "
45°C (27). Endonuclease IV hoWever had no Mg2+ requirement and was
fully active in the presence of EDTA. Peak Il of Hela cells seemed
to consist of a heat-labile (T]/2= 2 min) and a more heat-stable
(+1/2= 25 min) components. (

Thus, apurinic endonuclease activity of human fibroblasts and
Hela cells differ in their thermosensitivities-and inhibifion»by in=-
;reasing salt concentrations. Whether these differences {n properties
reflect the neoplastic nature of Hela cells remains a question. It
is however not uncommon that isoenzyhes purified from different +is-
sues or organs have different properties.. For e*ample, while the ap-
urinic endonuclease in calf-liver has a pH optimum of 9.5 and an op-
Timal Mg2+ concentration of 0.01-0.05 mM, the corresponding values
for the calf-thymus enzymes are 8.5 and 0.5-3 mM>respecTiver. Fur-
thermore, the activity of the calf-thymus enzyme is stimulated by
0.04 M NaCl and that of calf-liver is inhibited to 50% by 0.025 M
NaCl (29). This is also evident when apurinic endonuclease iso-
lated from human fibroblasts and placenta are compared. For exam-
ple, the placental enzymes are opTimaliy-acTive at around 3 mM MQCI2
and those of human fibroblasts have an optimum of 10 mM MgCIZ.

(b) Relative proportion of. flow-through and high-salt eluate species

of apurinic endonuclease activity : In normal human fibroblasts,

activity ef the flow-through species was about 20-30%_#ha+ of

high-salt eluate species. In Hela cells, acfivify of Peak | {(flow=-
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Through.acTIVITy of Hela cells) was only 2-4% the activity of Peak
A (high—sal+ eluate activity of Hela cells). To see if this re-
presented a peculiar condition of Hela'cells, we had purified ap-
uriniC-ednonucleaée activity from a supposedly normal cell line of
human fibroblast (Peggy cell). The relative proportion of flow-
through and high-salt eluate activities was similar to that in Hela
cells. We do not know the reason for this discrepancy. Perhaps the
flow-through activity is subjected to cellular metabolic regulation
which may be affected by tissue culture conditions. The cellular
level of another DNA repair enzyme, phoToreac*ivaTing;enzyhe, was
claimed to be affected by composition of the tissue culture medium (73f.
I+ was found that human fibroblasts grown -in Eagle's minimal. es-
s;nfial medium contained very low levels :of photoreactivating enzyme
compared to cells -grown in Dulbecco's modified Eagle's minimal me-
dium. We had routinely supplemented our +issue culture med i um

with several antibiotics while such was not a practice in the earlier

sftudies with human fibroblasts (44,45).

2. Interconversion of flow-through and high-salt eluate species of

apurinic endonuclease from Hela cells

The resuit of the phosphocellulose rechromafogréphy experiment
suggesTéd that the flow-through and the high-salt élua+e species of
apurinic endonuclease in HelanceLjs are interconvertible. -1+ will be
of interest to identify the factors governing such interconversion..
The study may ultimately lead to an understanding of the repair de-

fect in XP-D cells, since they are deficient in the flow-through
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species of apurinic endonuciease. One can posTufaTe that adsorption
of high-salt eluate activity to the phosphocellulose column is in-
hibifed>by;a factor E. Flow-through activity therefore is a com-
plex of E and the high-salt eluate species of apurinic endonuclease.
This complex will dissociate upon phosphocel lulose chromatography.
An analogy is the sigma factor (o) in E. coli which usually forms a
complex with RNA polymerase. It is required for the initiation of
RNA synthesis. The sigma factor can be separated from the enzyme

by chromatography on phosphoceltulose (74,75).

Once factor E is isolated from human fibroblasts, we shall test
whether addition of this factor to the high-salt eluate apurinic en-
donuclease activity from XP=D cells Qill result in the formation of
any flow-through activity. This kind of experiment will determine
whether-in XP-D cells there is a defect in factor E or in its prod-
duction, or whether there is a défécf in apurinic endonuclease which

prevents the association of the enzyme with factor E.

When Peaks I-111 were analysed by Sephadex G-100 column chro-
matography, a major ﬁarT'of each df the Thrée enzyme activities was
found to be associated with a high molécﬁlar weight complex. This
result was confirmed independently by the sucrose gradient sediment
ation analysis. Preliminary experiments with Sephadex G-200 column
chromatography indicated that the complexes are less than 150,000 in mo-
lecular weighfz This again does not seem to be a peculiar property

of Hela cells. We obtained similar result from fibroblasts of a
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~normal human cell line, Peggy cells. Also, during the earlier

stages of enzyme purification from the human lymphoblastic cell: -
I'ine CCRF-CEM (76) and E. coli (26), apurinic endonuclease

'acTivify was reporTea to be aésociaTed with high molecular weight
complexes. However, w[Th the samevpurificafion procedures as ours,
Kuhn[ein-gi_gi. (45) reported that flow-through apurinic endonuclease
aCTiviTy had a S value of 3.3, slightly larger than the high-salt
eluate species which had a S value of 2.8. The two S values cér-
respond to a molecular weight bf around 40,000 and 35,000 respecti-
vely, if one assumes. that apurinic endonuclease is a globutar protein.
No high molecular Weighf complex was detected. In these experiments,
the two énzyme species were stored for a period of more than 1-2
months before analysis (U. Kuhnlein, personél communication). Pre-
sumably, over fhis length of time, the apurinic endonucleases had
dissociated from the high moleculér weight complexes.

' Subsequently, we found that apuriﬁic endonuclease.acfivi+y could
be dissociated from the high molecular weight complex by making the en-
zyme solution 2 M-KCl or.2 M-NaCl. The major apurinic endonuclease in
Peak 111 had a molecular weight of 35,000-40,000. Those of Peak ' were
smaller with a molecular weight of 22,0QO—25,000. Peak | seemed to
contain 2 kinds of apurinic endonuclease, one with a molecular weight
of 45,000—50,000 and the oThér with a molecular weight similar to
those o% Peak I1. Lim}féd by the resolution of the Sephadex G-100 column,
we could not conclude whether the enzyme species in Peak | were larger
than the corresponding high-sal+ eluate species.

Anofher question which remained unanswered Is.whether the assoc-
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iation of apurinic endonuclease with a high molecular weight compliex .
has any biological significance or is merely adventitious. In this re-
gard, it is of interest to note that apurinic endonuclease purified from

the plant embryo Phaseolus multiflorus is a nonhistone protein of

chromatin (31). The association of apurinic endonuclease with other
accessory proteins may be important for its in vivo function. The
high molecular weight complex may be part of a repair machinery or

represent a storage form of apurinic endonuclease in the cytoplasm.

4. Conclusion :

Three species of apurinic endonuciease activity were found in
Hefa cells, ingluding a flow-through species. For some yet uniden-
tTified reason, we got very l|ittle flow=through apurinic endonuclease
activity from either Hela cells or normal human fibroblasts. Ap-
urinic endonuclease activities from Hela cells differed in some
respects, -such -as- thermosensitivities, from those of human fibro-
blasts. Aside from these differences, we think Hela cells will
provide enough enzyme maTeriai for further studies of the following
problems: (1) the inter-relationships between the different species
of apurinic en@onucleases, (2) the biologicél significance for the
association of apurinic endonuclease with a high molecular weight

compiex.
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