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SUMMARY
Incorporation of the antileukemic agent 6-thioguanmne (TG) into
cellular DNA has been demonstrated to be a major determinant
of its cytotoxicity. We have previously shown that complete
replacement of G by TG within one DNA strand of the SV4O
origin of replication can completely inhibit sequence-specific bind-
ing of the viral replication protein T antigen. The aim of the
present study was to determine the effect of more selective TG
substitutions on DNA-protein interactions, by utilizing the simpler
base recognition sequence motifs of restriction endonucleases.
In the first part of our study, we replaced G with TG in one or
two offour possible sites within the duplex hexameric recognition
sequence of BamHI (5’-GIGATCC-3’), by enzymatic extension
of primed oligonucleotides. This extension was stalled, but not
completely inhibited, at locations where insertion of consecutive
TG moieties was required. Both strands of molecules containing
a single substitution were cleaved by BamHl at reduced rates,
with the substituted strand inhibited to a greater degree. In
molecules containing two substitutions, neither strand was cut
by BamHl. In contrast, we found that scission of these same
mono- and disubstituted substrates by the less stringent sos-

chizomer MboI (5’-NjGATCN-3’) was inhibited only slightly. In
the second part of our study, we investigated the effect of analog
substitution on scission by the type Il-S enzymes A/wI and FokI,
in order to separately determine the effects of restriction site
modification versus scission site modification. We found that the
reactivity of these enzymes was completely abolished by TG
substitution within the recognition site, whereas substitution at
the scission site had no effect. Our results demonstrate that
infrequent TG substitutions within symmetric DNA sequences
can inhibit sequence-specific interactions in an asymmetric fash-
ion. In addition, although previous reports have shown that TG
forms a relatively weak base pair with cytosine, it appears that
the inhibition of restriction endonuclease-mediated cleavage re-
suIting from TG incorporation is a function of the sequence
requirements of the protein and not a general consequence of
disrupted base-pairing at the recognition locus. These data sup-
port the idea that the cytotoxic consequences of TG incorpora-
tion may be due to inhibition of sequence-specific protein-DNA
interactions.

Analogs of purine and pyrimidine nucleosides and bases have
a number of therapeutic applications, most prominently in the

treatment of neoplasms. The underlying basis for their use in

this capacity has been their disruption of DNA synthesis and

function and, therefore, of cellular proliferation. Although a

generalized disturbance of DNA function provides a modest

degree of selectivity for neoplastic cells, recent advances in the

understanding of the roles of specific DNA sequences and

motifs raise the possibility that analogs could be designed that

would affect cellular processes in a much more selective man-

ner. To this end, we and others have begun to define the effects

on sequence-specific DNA-protein interactions caused by in-

corporation of some of the analogs already known to have

clinical utility.

This work was supported by National Institutes of Health’National Cancer
Institute Grant R01-40260.

Although the effects of incorporated analogs are quite varied,
these agents may be roughly divided into two groups, depending

upon the rapidity with which their impact on DNA synthesis
becomes apparent. One group, composed mainly of analogs

with modifications in the sugar moiety, tends to cause relatively
rapid and severe disturbances in DNA strand elongation. These

disturbances may be manifested in a number ofways, including

pausing, stalling, or termination of chain elongation, competi-

tive inhibition of DNA polymerases, and depletion of nucleoside

triphosphates. Agents in this category would include, e.g., the

arabinosyl derivatives of various bases, dideoxy nucleosides,

and acyclic or carbocyclic nucleoside analogs. Although corn-
pounds of this type have recently been shown to exhibit se-
quence selectivity in their actions (1-3), it seems likely that the
magnitude of their immediate inhibition of DNA synthesis

would overshadow any more subtle effects their incorporation
might have on processes controlled by DNA-protein interac-

tions.
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In contrast, several analogs containing alterations in the base
moiety are incorporated to a much greater extent than are
sugar-modified analogs and often exert their effects in a more

delayed manner (4-7). Our recent studies with one such analog,

TG, have suggested that this clinically useful antileukemic drug

may indeed exert its cytotoxic effects by selectively disrupting
sequence-specific DNA-protein interactions (8). Results ob-

tamed in intact cells show that, although TG has little impact
on DNA replication during the S phase in which the drug is

first incorporated, the presence of this incorporated analog in

the template strand during the subsequent round of replication
induces drastic nonrandom DNA damage (9). Experiments
using SV4O-infected cells showed that the effects of TG incor-

poration on replication of this virus [which is thought to be a
good model for chromosomal replication (10, 11)] are directed

towards initiation, rather than elongation of nascent DNA

strands (8). Furthermore, we observed in a cell-free system that
extensive incorporation of TG abolished the sequence-specific

binding of the viral protein T antigen to SV4O origin sequences

(8). Because T antigen binding is an absolute requirement for
initiation of origin-dependent replication in this system, these

data support the idea that the major biological consequence of

TG incorporation in intact cells may be disruption of sequence-
specific initiation of DNA replication.

Although our previous in vitro studies showed that extensive

TG incorporation is capable of disrupting DNA-protein inter-
actions, the effects of infrequent incorporation events (as would

normally be seen in vivo) are unknown. Furthermore, it is not
known whether TG incorporation would disrupt protein-bind-
ing recognition sites indiscriminately or in a manner dependent

upon the protein and recognition sequence involved. We have,
therefore, undertaken the present study, the overall objective
of which is to determine how selective insertion of TG affects
DNA function in a well defined, easily accessible, model system,

i.e., restriction endonuclease cleavage of duplex oligonucleo-
tides.

In the first part of our study, we synthesized DNA molecules
with TG asymmetrically substituted within or near the recog-
nition sequence of the isoschizomeric pair BamHI and MboI,
and we examined the effects of TG substitution on cleavage of
both the substituted and the unsubstituted strands. In the
second part of our study, we examined the effects of TG

substitution on the actions of AlwI and FokI. These enzymes

are among a small group that have nonpalindromic recognition
sequences and for which the site of cleavage is distant from the

recognition sequence. By substituting TG for G in the recog-

nition sequence or the scission site for these enzymes, we were
able to determine the relative effects of TG substitution on
these two processes.

Materials and Methods

Synthesis of TdGTP. The deoxyribonucleoside triphosphate form
of TG was synthesized from the starting material, thiodeoxyguanosine,

as described previously (8). The finished product was analyzed chro-

matographically on a Dynamax 300A C-18 reverse phase column, using

a linear gradient of acetonitrile (0.40%) in a buffer system that also
contained 0.1 M triethylammonium acetate (pH 7.0), and was deter-
mined to contain less than 1% contaminating dGTP.

Synthesis of TG-substituted duplex DNA oligonucleotides.

The general approach used here was to insert TG moieties by enzymatic
extension of chemically synthesized primer-template pairs. Template

sequences and primer lengths were designed so as to achieve TG

substitution patterns that would allow us to test various hypotheses.

Fig. 1 shows an example in which TG was incorporated into the internal
G site in the BamHI/MboI recognition sequence, as well as into three

consecutive G sites just outside of this recognition sequence, by exten-

sion of a 28-base primer annealed to a 48-base template. Alternatively,

use of a 27-base primer (the 28-mer without the 3 ‘ G residue) allowed

TG incorporation at the external G location in the BamHI/MboI site,
in addition to incorporation obtained with the 28-mer. A 34-base primer

was used to permit incorporation into the three consecutive G loci but

not within the enzyme recognition site.

Different primer-template pairs were used to create substrates for
the class Il-S restriction enzyme AlwI, in which either the recognition

site or the scission site contained analog substitutions. Fig. 2 illustrates

this strategy.

End-labeling was performed using T4 polynucleotide kinase (10

units/Ml; Bethesda Research Laboratories) and [-y-32P]ATP (300 Ci!

mmol; Amersham), according to standard procedures. These end-la-

beled primer molecules were then annealed to the appropriate template

molecules by heating at 75’ for 2 mm, in buffer containing 40 mM Tris,

pH 7.5, 10 mM MgC12, 50 mM NaC1, and 5 mM dithiothreitol, and slow

cooling to 25’. Template molecules were present in a 2-fold molar

excess over primer molecules in the annealing reaction. Annealed

primer/template molecules were washed three times with TE (10 mM

Tris . HC1, 1 mM EDTA, pH 8.0) by filtration through a Centricon 30

microconcentrator (Amicon Corp.).

Annealed primer/template molecules were extended with Sequenase
(modified T7 polymerase version 2.0, 12 units/MI, 4 units/pg of DNA;
United States Biochemicals), in the presence of 1 m�.i d.ATP, dCTP,

dTTP, and either dGTP or TdGTP, for control and TG-substituted
molecules, respectively. Reactions were incubated at 37’ for 2.5 hr,

except where indicated. The products were extracted with chloroform

and precipitated with ethanol before use as restriction enzyme sub-

strates.

High performance liquid chromatography purification of

fully extended duplexes from incompletely extended duplex
DNA molecules. Fully extended control and TG-substituted mole-

cules were separated from incomplete extension products by high

performance liquid chromatography, using a Nucleogen 4000-10 anion
exchange column. Fractions were eluted from the column with a linear
gradient of LiCl (0.1-0.5 M), in a buffer system that also contained 20

mM sodium acetate and 30% acetonitrile. The gradient was run for 60
mm at 1 ml/min, with the column immersed in a 70’ water bath.

Fractions were collected from the column, and aliquots were analyzed

both for radioactivity (in cpm/j�l), by liquid scintillation counting, and

for assessment of the degree of separation of fully extended molecules

from incomplete extension products, by electrophoresis on a sequencing

3,5,
*- CTTG28-mer primer

48-mertemplate GAACCTAGGGCCCAT*
3_ ‘-.-- 5’

BamHI site

Extend with polymerase. thio-dGTP
+ other normal dNTPs 1�

5’ V 3’
39-mer extended primer * - c T T G S A T c C C S S S T A

48-mertemplate GAACCTAGGGCCCAT*

3’ A 5’

BamHI site

Fig. 1. Strategy for synthesis of oligonucleotides with selective TG
substitutions at the BamHI recognition site. In this example, a 28-base
primer is annealed to a 48-base template and then extended with a
polymerase and a dNTP mixture containing either dGTP or TdGTP. Bold
type denotes the newly synthesized region of the 39-base extended
primer, with TG moieties represented by an S. The locations of TG
substitution are dictated by the length of the primer used. Carets show
the expected cleavage sites for BamHl.
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1 9-mer primer
44-mer template

5’ 3’
*- A G G A T C A C

-TCCTAGTGACCTA�

3’ ‘-.-.-- 5’
AIwI recognition site

= Lcorrected cpm of product), + (cpm of substrate),]

. (total pmol of oligonucleotide)

where

Corrected cpm of product,
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5’ 3’

21 -mer primer *- T

46-mertemplo.te -A C C TAG G T TAG TG GAG T
3

AIwI recognition site

Extend with polymerase. thio-dGTP
+ other normal dNTPs

45-mer 5’ V 3’

extendedprirner *� ‘rs SATCCAATCACC TCA ‘�‘�-

46-mertemplate �ACC TAGGT TAG TGGAGT
3’ -‘ A 5’

Aiwl recognition site

Extend with polymerase, thio-dGTP
+ other normal dNTPs

43-mer 5’ V 3’

extendedprirner *-AGGATCACTSSAT �

44-mertemplate �TCCTAGTGACCTA
3’ ‘-“P.--- A 5’

Aiwl recognition site

Fig. 2. Strategy for synthesis of oligonucleotides containing TG substi-
tutions at either the recognition site (A) or the scission site (B) for Alwl.
As in Fig. 1 , the locations of substitutions are determined in part by the
length of the primer used. In this case the templates used in A and B
differ at the scission site, so as to prevent incorporation of TG outside
of the recognition site in A. Again, newly synthesized regions are in bold
type, TG moieties are indicated by S, and carets indicate the expected
cleavage sites.

gel (12% polyacrylamide, 7 M urea, 50’). Fully extended molecules

eluted as duplexes within 40-45 mm of the onset of the LiCI gradient
(0.345 M LiCl). These molecules could be readily separated from incom-
plete extension products, which eluted within 30-35 mm of the initia-

tion of the LiC1 gradient. Fractions containing completely extended
duplexes were pooled, desalted, and concentrated into TE buffer with
a Centricon 30 microconcentrator. Typically, 40% of the total counts

loaded onto the column were recovered as completely extended DNA
duplexes, free from contamination by incomplete extension products.

Restriction endonuclease digestion of control and TG-substi-
tuted DNA duplexes. Duplex DNA molecules, with or without TG
substitutions, were assayed as substrates for BamHI endonuclease in
reactions containing 10 mM Tris . HC1, pH 8.0, 100 mM NaC1, 5 mM

MgCI2, and 1 mM 2-mercaptoethanol. Reactions were initiated by the

addition of enzyme (BamHI, 12 units4tl; Boehringer Mannheim Bio-

chemicals). Immediately before use, the enzyme stock was diluted in

buffer containing 10 mM Tris . HC1, pH 7.4, 100 mM KC1, 1 mM EDTA,

1 mM dithiothreitol, 0.015% Triton X-100, and 50% glycerol. The final

enzyme concentration in the assay was 0.05 units/id. Reactions were

incubated in a 15’ water bath. Aliquots (10 id/time point) of the
reaction mixture were removed, pipetted into Eppendorf tubes contain-
ing 5 �l of stop solution (95% formamide, 20 mM EDTA, 0.05% xylene
cyanol, 0.05% bromophenol blue), and then placed immediately into a

dry ice bath.

Reaction products were separated from undigested substrate mole-

cules by electrophoresis on a denaturing (7 M urea) sequencing gel.

Samples were electrophoresed at 50’ for 2.5 hr. Gels were dried, and
autoradiography was performed overnight (12-16 hr). The amount of

product formed was quantitated by liquid scintillation counting of the

excised areas of the gel corresponding to substrate and product.
For the kinetic assays, Km and Vm., values were determined with

control unsubstituted DNA molecules as the substrate molecules. The
final concentrations ofsubstrate ranged from 5 nM (10 units of enzyme/
pmol of substrate) to 100 nM (0.5 units of enzyme/pmol of substrate)

in the assay. The specific activity of the substrate varied between
experiments from 10,000 to 50,000 cpm/pmol. For experiments in which
both the template and primer strands were 5’ end-labeled, the final

assay concentration of substrate molecules was 175 nM (0.3 units of

enzyme/pmol of substrate), and the specific activity ranged from 12,000

to 15,000 cpm/pmol.

The amount of product formed at each time point was calculated
from the fraction of radioactivity in the substrate region converted to

product, multiplied by the total pmol of oligonucleotide in the assay

mixture, as follows:

pmol of product,

I (corrected cpm of product), 1

I cpm of product, 1
= cpm of product, - Lcpm of producto + cpm of substrateo]

. (cpm of product, + cpm of substrate,)

In these studies, the value for background product cpm never exceeded
7.5% of the total cpm in a given lane.

For digestion by MboI, control and TG-substituted DNA molecules
were synthesized as described above and digested in a buffer containing

10 mM Tris.HC1, pH 7.4, 100 mM NaC1, 10 mM MgC12, and 100 �g/ml
bovine serum albumin. Assays were initiated by addition of MboI (5

units/il; New England BioLabs), at a final concentration of 0.0166

units4d, and were incubated at 15’. Reactions were terminated by

pipetting of l0-zl aliquots into 5 �zl of stop solution. For the kinetic

assays, 2.56-250 nM control DNA was used. This corresponded to 6.4-

0.66 units of enzyme/pmol of substrate. For assays of MbOI digestion
of control and TG-substituted molecules, a final concentration of 120

nM DNA (0.14 units of enzyme/pmol of substrate) was used.

Substrates for AlwI were digested with 0.1 unit/�zl endonuclease (2

units4d; New England BioLabs), in a reaction containing 10 mM Tris.

HC1, pH 7.4, 10 mM MgC12, 10 mM 2-mercaptoethanol, and 100 �g/ml
bovine serum albumin. Reactions were incubated at 20’ and terminated

by removal of 5-�tl aliquots at the appropriate intervals and pipetting

into 5 �zl of stop solution.

Results

For the first part of our study, we synthesized DNA molecules
with TG substituted within or near the recognition sequence

of the isoschizomeric pair BamHI and MboI. The recognition
sequences of BamHI and MboI are 5’-G�GATCC-3’ and 5’-

N�GATCN-3’ , respectively.

Extension of primer/template oligonucleotides with

modified T7 DNA polymerase (Sequenase). We utilized a

48-mer oligonucleotide containing a single BamHI/MboI site

as a template for the synthesis of duplex DNA substrates with

TG modifications in or near the recognition locus. As described

in Materials and Methods and Fig. 1, primer oligonucleotides

of various lengths were annealed to the template 48-mer and

extended with Sequenase in the presence of TdGTP or dGTP.
Our initial experiments were performed to determine the

optimal conditions for complete extension of the primer/tern-
plate oligonucleotide pairs with Sequenase. The autoradiogram
in Fig. 3 illustrates the results from an extension of the 27-mer

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


302 Iwaniec eta!.

Fig. 3. Extension of primed oligonucleotides with Sequenase. In this
example, a 27-base primer was 5’ end-labeled and annealed to the 48-
base template, in a 1 :2 primer to template ratio. Extensions were carried
out in the presence of 1 mM dCTP, dTTP, dATP, and TdGTP (lane A),
dGTP (lane B), or no G nucleotide (lane C). The samples were incubated
for 45 mm at 37#{176}and then extracted and analyzed by electrophoresis
and autoradiography. The sequence of the extended strand is shown on
the left, with TG represented by S.

primer/48-mer template pair conducted in the presence of 1
mM TdGTP (Fig. 3, lane A), dGTP (Fig. 3, lane B), or no G

(Fig. 3, lane C), with the normal complement of dNTPs. Fig. 3,

lane B, shows that, in the presence of control dNTPs, the

majority of the end-labeled 27-mer was utilized for extension

by Sequenase after 45 mm of incubation, as evidenced by the

small amount of intensity remaining at the original 27-mer

position on the autoradiogram. Analysis of the extension prod-

ucts revealed that, in addition to the anticipated 39-mer prod-

uct, the polymerase also catalyzed the addition of one nucleo-

tide to the 3’ end of the fully extended 39-mer oligonucleotide,
in what appeared to be a non-template-dependent manner.

That is, the replication products consisted primarily of a mix-
ture of the predicted 39-mer and a 40-mer after 45 mm of

incubation with Sequenase and control dNTPs. In addition,

the 0 mm time point of Fig. 4A shows that, after a longer

incubation period (90 mm), the replication products were pre-

dominantly 40- and 41-mers.

When dGTP was replaced with TdGTP (Fig. 3, lane A) in

the polymerization mixture, extension of the primer molecules

was less efficient. The majority of the incompletely elongated

DNA strands accumulated at regions where TG had been added

to the growing strand. That is, the polymerase appeared to

“stall” after the addition of TG to primer at positions 28 and

29, which are the two TGs within the BamHI/MboI site, and

at positions 35, 36, and 37, which are three contiguous TGs

outside the recognition locus. When these primer/template

molecules were incubated for a longer period of time (90 mm)

with Sequenase, they were completely extended to the predicted

39-base length (Fig. 4C, 0 mm), with little or no extension

beyond the end of the template.

Because the primary intention of our study was to synthesize

duplex DNA molecules with specific TG substitutions, we did

not characterize this phenomenon any further. We reasoned

that, because the extra nucleotide(s) was (were) added several

bases from the actual restriction site and because this non-

template-directed addition reaction has been observed previ-

ously by Clark (12) with a variety of other prokaryotic and

eukaryotic polymerases, the 40- or 41-base oligonucleotides

would be equivalent to the 39-base pair oligonucleotides as

substrates for the restriction endonucleases. This expectation

was supported by the apparently parallel rate of disappearance

of the 39-, 40-, and 41-base molecules during enzymatic diges-

tion (see below).

BamHI digestion of control unsubstituted DNA. Fig.

4A shows a representative autoradiogram of BamHI-catalyzed

digestion of these molecules (0.25 �tM DNA). In this study,

molecules were 5’ labeled with [‘y-32P}ATP on the extended

strand only. From the autoradiogram, we observed that the

endonuclease catalyzed the hydrolysis of the correct phospho-

diester bond within the 32P-labeled extended strand to produce

a 28-mer product and that the 40- and 41-base oligonucleotides

appear to be digested to the same extent as the 39-base oligo-

nucleotide. Digestion of the control extended strand was 50%

completed after 15 mm at 15#{176}and 90% completed by 60 mm.
Endonuclease cleavage reactions were conducted at tempera-

Fig. 4. Digestion of control and
TG-substituted oligonucleotides
by BamHI. Oligonucleotides
containing zero (G/GATCC) (A),
one (G/SATCC) (B), or two (SI
SATCC) (C), TG substitutions
within the BamHI recognition
site were digested with that en-
zyme for the indicated time pe-
nods, removed, and processed
for electrophoretic analysis.
Markers on the right indicate the
positions of 28- and 39-base ol-
igomers, which correspond to
the nominal products and sub-
strates, respectively, for this re-
action. In this experiment only
the extended strand was Ia-
beled.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


100

0

�60
0

CI) 40
0 20

0

Inhibition of Restriction Endonuclease Cleavage by 6-TG 303

tures below the optimal temperature suggested by the supplier

(37#{176})because our initial studies demonstrated that at 37#{176}

digestion of control DNA proceeded too rapidly for us to obtain

accurate kinetic data.

Steady state kinetic analyses of the BamHI-catalyzed cleav-

age of control duplex molecules showed that cleavage by the

endonuclease was saturable and obeyed Michaelis-Menten ki-

netics. A Lineweaver-Burke plot of these data revealed a Km

value for the enzyme of 35 ± 3 nM and a Vmax of 40 ± 0.53

nmol/min/unit of enzyme. George et al. (13) have reported a

Km value of 3.6 nM for the enzyme, using SV4O DNA as

substrate. The higher value that we obtained with our 39-base

pair substrate is consistent with the observation that the mag-

nitude of the Km for restriction endonucleases generally in-

creases with decreasing substrate length (14).

BamHI digestion of TG-substituted DNA. Fig. 4, B and

C, also shows the effects of a single TG substitution at the
internal G position or of a double TG substitution at both G

positions of the BamHI locus. Fig. 4B shows that the single

TG substitution did not appear to affect the specificity of the

enzyme for scission at the correct phosphodiester bond, because

the 32P-labeled extended strand was cleaved to the predicted

length of 28 bases. However, when compared with control

substrates, the single TG substitution appeared to decrease the

rate of cleavage of the DNA by BamHI. Even after 60 mm of

incubation with BamHI, the production of the 28-mer product

from these substrates remained decreased, compared with con-

trol (compare Fig. 4A, 60 mm, and Fig. 4B, 60 mm). The effect

of substituting TG for G at both G sites within the BamHI

locus was more pronounced (Fig. 4C). In these studies, the

doubly substituted DNA did not appear to be digested even

after 60 mm of incubation with BamHI.

From the initial digestion experiments described above, it

appears that the extent of TG substitution within the BamHI
locus has differential effects on substrate reactivity. To further

characterize these substitution effects, duplex DNA substrates

were synthesized as described above but with the template

unextended strand also 5’ labeled with 32P. In this way, the

effects of the TG substitutions on BamHI digestion of both the

extended and the unextended strands could be monitored
within the same experiment. Control and TG-substituted oh-

gonucleotides (0.175 �tM) were digested with BamHI, and the

amount of product that was formed was quantitated as de-

scribed above and in Materials and Methods. Fig. 5 shows the

digestion of each strand (the 39-base extended and the 48-base

template) of the different duplex DNA substrates. Product

formation is expressed as a percentage of the total substrate

molecules in the assay. For the control substrates, digestion of

the template unsubstituted strand paralleled the digestion of

the extended unsubstituted strand throughout the time course

of the assay. Digestion of both strands reached 50% within 10

mm of incubation and was 90% complete within an incubation

time of 40 mm.

From the digestion profile of the TG-substituted molecules,

it appears that the single TG substitution altered the ability of

BamHI to catalyze the digestion of not only the substituted
extended strand but also the unsubstituted template strand.
After 10 mm of incubation, when digestion of control extended

strands reached 50%, cleavage of the strand with a single TG

substitution within the recognition locus was only 15% of total;

it reached 50% after 60 mm. In comparison, the template

0 10 20 30 40 50 60

Time (mm.)

Fig. 5. Effect of TG substitutions on the digestion of oligonucleotides by
BamHl. Oligonucleotides with zero (I, 0), one (A, �), or two (#{149},0)
substitutions of TG for G within one strand of the BamHl recognition site
were synthesized as described in Materials and Methods. These sub-
strates (1 75 flM) were incubated with BamHl endonuclease at 1 5#{176},and
aliquots were removed at the intervals indicated and analyzed by elec-
trophoresis. The data represent the percentage of starting material
converted to expected scission products at each time point, both for the
extended strand containing the substitutions J, A, #{149})and for the
template unsubstituted strand (0, i�, 0) of each duplex. The results from
one of three comparable experiments are presented.

unsubstituted strand of these substrates was digested more

efficiently than the substituted strand. Cleavage of template

strands reached 40% after 10 mm and 75% after 60 mm. The

results from Fig. 4C and from Fig. 5 indicate that substitution

of both Gs within one strand of the BamHI locus completely

abolished digestion of both the substituted and unsubstituted

strands.

Assay of MboI digestion of TG-containing oligonucle-

otides. Control DNA (2.6-250 nM) was digested with 0.0166

units/j.d MboI, and initial rates of enzyme hydrolysis were

determined. Michaehis-Menten analysis of the MboI-digested

DNA revealed a Km of 12 nM and a Vmax of 184.4 ± 14 nmol/

mm/unit of enzyme. Hayakawa et at. (15) have reported a Km

of 380 flM for their decanucleotide substrate. TG-substituted

DNA was digested with MboI at substrate concentrations 10-

fold above the Km for the enzyme (100 nM). We found that TG
substitution within the MboI locus did not affect the specificity

of the enzyme for cleavage at the phosphodiester bond (data

not shown). Reaction products were quantitated, and the time

course of digestion is presented in Fig. 6. Again, as in the case

of BamHI, TG substitution appeared to impair MboI digestion

of these oligonucleotides. However, the effects of a single sub-

stitution versus a double substitution within the recognition

locus were not as pronounced with MboI as with the endonu-

clease. Single TG-substituted molecules were 50% digested

after 25 mm, compared with control molecules, which were

50% digested after only 10 mm. Digestion of oligonucleotides

with two TG substitutions within the recognition locus was

also impaired, compared with control. However, in contrast to

the results with BamHI, cleavage of these substrates was not

completely abolished. Digestion of the DNA reached a level as

high as 50% after 40 mm of incubation with MboI.

AiwI digestion of control and TG-substituted oligo-

nucleotides. Because the sites for recognition and scission are

coincident for both BamHI and MboI, it is difficult to determine

the effect of TG substitution on either process individually. In

order to be able to determine the individual contribution TG
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Fig. 6. Effect of TG substitutions on the digestion of oligonucleotides by
Mbol. Oligonucleotides with zero (0), one (s), or two (0) substitutions
of TG for G within one strand of the MboI recognition site were synthe-
sized as described in Materials and Methods. These substrates (1 20 nM)
were incubated with Mbol at 15#{176},and aliquots were removed at the
indicated time points and analyzed by electrophoresis. The data shown
represent the extent of scission of the extended analog-containing
strand. Results from one of three comparable experiments are shown.

substitution may have on phosphodiester bond cleavage and on

DNA-protein recognition mechanisms, we constructed syn-

thetic molecules that were substrates for the nonpahindromic

enzymes AlwI and FokI, with the recognition sequences 5’-

GGATC(N4)�-3’ and 5’ -GGATC(N9)j-3 ‘, respectively. The

overall scheme is described in Materials and Methods and Fig.

2.

Control and TG-substituted oligonucleotides representing

recognition site or scission site modifications were digested

with AlwI, and the products were quantitated and expressed as

a percentage oftotal substrate in the assay (Fig. 7). When DNA

molecules with TG substitutions within the recognition se-
quence were digested with AlwI, there was a marked reduction

in the formation of the 31- and 17-base products from the 45-

base substrate strand, compared with control. After 60 mm,

87% of the control 45-mer substrate strand was cleaved to its

respective products. Only 0.6% of the TG-substituted extended

strand was digested after 60 mm. In contrast, when DNA

substrates with TG substituted in the scission sequence were
digested with AlwI, the amount of strand cleavage was com-

parable to that of control. The percentage of substrate mole-

cules converted to product was 87% and 88% for control and

TG-substituted molecules, respectively. Comparable results

were obtained with FokI, which is also a type Il-S endonuclease

(data not shown). That is, TG substitution within the recog-
nition site completely prevented enzymatic cleavage, whereas

the analog had no effect when inserted on both sides of the

scission site.

Discussion

Construction of TG-containing oligonucleotides. Al-

though oligonucleotides containing a variety of modified bases

have been chemically synthesized, the inclusion of TG moieties

by chemical synthesis has been problematic, apparently due to

the lability of the thiol group. We know of only one instance

in which such a synthesis has been reported (16) and, because

the method used was somewhat time consuming and required

expertise not available to us, we chose to employ an enzymatic

approach toward the production of oligonucleotides containing

selective patterns of TG substitution.

The technique is straightforward and relies on the ability of

a DNA polymerase to extend the 3’ hydroxyl end ofan annealed

primer molecule with the deoxyribonucleotide form of TG and

the normal complement of dNTPs. We chose to utilize the

polymerase activity of modified T7 DNA polymerase (Sequen-

ase), because this enzyme has been demonstrated to have a

high rate of nucleotide incorporation as well as a high degree

of processivity (17). It is interesting to note that extension by

Sequenase was apparently stalled at particular sites in the

reactions containing TdGTP. These stalls were pronounced at

regions of the template coding for successive Gs (Fig. 3A).

Other investigators have found that the arabinosyl nucleosides

such as (ara-C)1 -f3-D-arabinofuranosylcytosine and (ara-A), 1-

�3-D-arabinofuranosyladenine as well as the 2-halogenated

dATP analogs, can affect the elongation of the growing DNA

strand (1, 2, 18, 19). In these studies, accumulation of DNA

strands at sequences coding for the insertion of contiguous

analog molecules was demonstrated. Our results suggest that

the substitution of TdGTP for dGTP can also alter the reactiv-
ity of the 3’ terminus of the growing DNA strand, such that

elongation is impaired.

The ability of Sequenase to carry out the addition of a

nucleotide to the 3’ end of the completely extended primer

oligonucleotide was an unexpected phenomenon. Clark (12) has

reported the non-template-dependent addition of deoxyribon-

ucleotides onto duplex oligonucleotides carried out by DNA

polymerases from a variety of prokaryotic and eukaryotic

sources. The results of our oligonucleotide extensions suggest

that Sequenase may also have this property. Alternatively, it is

known that DNA polymerases such as the Klenow fragment of

100
Fig. 7. Effect of TG substitution on
scission by AlwI. Substrates for
Alwl were constructed to contain
TG substitutions either within the
recognition sequence (A) or flank-
ing the scission site (B), as de-
scribed in Materials and Methods.
Control (la) or TG-containing ()
oligonucleotides (80 flM) were di-
gested with Alwl at 20#{176}for the
indicated times, at which point ali-
quots were removed and analyzed
by electrophoresis. Data shown
represent the extent of scission of
the substituted strand, from one of
three similar experiments.
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DNA polymerase I have the capacity to extend a growing strand

of DNA via a “snapback” mechanism (20). However, we feel
that this alternative explanation is unlikely, because snapback

synthesis typically results in the addition of greater than one

or two nucleotides to the extended oligonucleotide primer.

Cleavage of TG-substituted oligonucleotides. One way

in which incorporated analogs might affect DNA-protein inter-
actions is by altering higher order structure in the neighborhood

of the insertion. Previous studies have shown that the strength

of the TG/C base pair is considerably weaker than that of the

naturally occurring G/C pair, as determined by melting tern-

peratures of homoribopolymers (21) and by calculation of the

association constant of TG-containing oligodeoxynucleotides

(16). In the latter case, it was reported that the difference

between the two species was more than 100-fold. In light of
these findings, it seemed possible that disruption of base-

pairing by a few consecutive TG substitutions within or adja-
cent to a recognition site might be severe enough to affect a

wide variety of sequence-specific DNA-protein interactions
indiscriminately. We also considered the possibility that per-

turbations in helix structure caused by multiple TG moieties

incorporated next to (rather than within) a recognition se-

quence might have an effect on the interaction of that sequence

with proteins, especially because it has been shown that varia-

tions in vicinal sequences of normal nucleotides can influence

restriction endonuclease cleavage (22).

Neither of these circumstances appeared to apply to the

enzyme-substrate systems studied here. In the case of both

BamHI and MboI, a single substitution within the recognition

site decreased, but did not obliterate, enzyme activity. Also, the

presence ofthree consecutive TG moieties very near the BamHI

site (positions 35-37 of the extended primer strand) had no

detectable effect on cleavage by this enzyme. It, therefore,

seems unlikely that disruption of local structure by TG, merely

as a consequence of weakened base pairing, has a major effect

on these enzyme activities. It is possible, however, that poor

base pairing may contribute to the stalling of polymerase-
catalyzed primer extension and to the non-template-directed

nucleotide addition, which were discussed above.

It appears that primary recognition sequence is more critical
in determining the effects of TG incorporation on the activity

of these two enzymes, as evidenced by the results obtained with

the disubstituted substrates. Whereas MboI cleaved the disub-

stituted substrate about as well as the monosubstituted one,

BamHI activity was completely eliminated by the addition of a

second TG substitution at the external G position. Although

the external G locus of the BamHI site is not part of the

canonical recognition sequence for MboI, insertion of IV’�-meth-

yladenine at this position can completely prevent MboI-cata-

lyzed cleavage of the substituted strand (23). This is in sharp
contrast to the minimal effects of TG insertion at that position

(i.e., the relatively minor difference between the mono- and

disubstituted species shown in Fig. 6), even though incorpora-

tion of either N’�-methyladenine or TG each represents an

alteration of a base-pairing site in the major groove. We inter-

pret this result to indicate that the contrasting responses of

BamHI and MboI to TG substitution at both G loci is not a

result of indiscriminate acceptance by MboI of any modified

base at the external position, but rather the result of TG

incorporation exerting a selective inhibition of BamHI as a

result of fine details of the interactions of the enzyme with the

oligonucleotides. This finding is also consistent with the pro-

posal that the external G position is one of the most important

contact sites for BamHI (13).

Effects of TG substitution at unsubstituted locations.

Specific binding of proteins to DNA often involves the associ-

ation of multimeric protein subunits with symmetrical DNA

sequences. This is the case for many restriction enzymes,

including BamHI (24), as well as for the binding of T antigen

to SV4O replication origin (25). Because the extent of TG

incorporation in intact cells is typically no greater than a few

percent (6, 8, 26), the occurrence of more than one TG molecule
within a given target sequence will probably be infrequent. For

this reason, we wanted to determine whether a single TG

substitution has the potential to affect not only the subunit

with which it interacts directly, but also the other subunit(s).

Although many studies have described the consequences of

analog incorporation into restriction enzyme recognition sites,

few have examined the effects of asymmetric analog insertion

on the opposite (unsubstituted) strand. One group reported

that, when methylated derivatives were used, the rate of cleav-

age of the substituted strand could be either much greater or

much less than that of the unsubstituted strand, depending on

the enzyme and substrate used (23). In the case of BamHI, we

show that the effects of asymmetric TG substitution are grossly

similar on both strands. Although this finding may not neces-

sarily apply to other DNA-protein interactions, it at least

demonstrates the potential for TG substitutions to exert effects

in remote locations of the same binding domain.

Finally, the experiments performed using the type Il-S en-

zymes AlwI and FokI address the possibility that some portion

of the effects of TG on restriction endonuclease cleavage may

be due to direct inhibition of the phosphodiester bond cleavage,

rather than to alteration of the recognition site. This prospect

seemed remote, because there are no known sequence require-

ments for such bond cleavage and because many enzymes do
not even require the DNA to be double-stranded in order to be

cut (27). As expected, we found that TG-induced inhibition of

scission by these enzymes was only related to substitution

within the recognition site.

Overview. Before the present study, we had demonstrated

that complete replacement of G by TG within the SV4O origin

eliminated specific T antigen binding. Although that situation

was the simplest to test at first, it is not representative of the

extent of TG incorporation in intact cells, which typically does

not exceed a few percent. Furthermore, because TG derivatives

are sufficiently similar to their guanine counterparts to be

metabolized by several highly specific enzymes (28), it was not

clear that a single TG moiety within a multibase recognition

sequence would be likely to produce a significant alteration of

the protein binding of that sequence. Using restriction endo-

nuclease-catalyzed strand scission as a model system, we show
here that single TG substitutions are, in fact, capable of inhib-

iting such processes, that two consecutive TG substitutions can

completely abolish activity (BamHI and AlwI), and that the

magnitude of the effect can vary greatly from protein to protein

(BamHI versus MboI).

The question remains of whether the frequency with which

TG is incorporated into DNA is consistent with the idea that

disruption of replication initiation (or some other process de-

pending on sequence-specific DNA-protein interactions, e.g.,

transcriptional control) is a critical consequence of this incor-
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poration. The number of origins containing a significant num-

ber of “hits” by TG is presumably related to their size, their
average G content, and the extent of TG incorporation neces-
sary to alter their functionality. Although the probability that

any individual origin will be affected by TG incorporation is

low, the total population of origins is relatively high (10� to
105/eukaryotic cell). Assuming 104/cell, disruption of 1% of

replication origins would lead to 100 potentially harmful events.

Although the consequences of disabling a single replication
origin are unknown, it is thought that one unrepaired double-

strand break can kill a cell. It is, therefore, not inconceivable

that an average of 1-2% replacement of G by TG could result

in a lethal insult through this mechanism. In order to more

directly evaluate the possibility that replication origins are an

important target for TG in vivo, we intend to follow up the

findings presented here by determining the frequency and

location of TG substitutions necessary to alter activity in the

SV4O in vitro replication system (29).
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