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ABSTRACT

The incorporation of 6-thioguanine (S6G) into DNA is
a prerequisite for its cytotoxic action, but duplex
structure is not significantly perturbed by the pres-
ence of the lesion [J. Bohon and C. R. de los Santos
(2003) Nucleic Acids Res., 31, 1331–1338]. It is there-
fore possible that the mechanism of cytotoxicity
relies on a loss of stability rather than a pathway
involving direct structural recognition. The research
described here focuses on the changes in thermo-
dynamic properties of duplex DNA owing to the intro-
duction of S6G as well as the kinetic properties of
base pairs involving S6G. Replacement of a guanine
in a G*C pair by S6G results in �1 kcal/mol less
favorable Gibbs free energy of duplex formation at
37�C. S6G*T and G*T mismatch-containing duplexes
have almost identical Gibbs free energy at 37�C, with
values �3 kcal/mol less favorable than that of the
control. Base pair stability is affected by S6G. The
lifetime of the normal G*C base pair is �125 ms,
whereas that of the G*T mismatch is below the detec-
tion limit. The lifetimes of S6G*C and S6G*T pairs
are �7 and 2 ms, respectively, demonstrating that,
although S6G significantly decreases the stability
of the pairing with cytosine, it slightly increases
that of a mismatch.

INTRODUCTION

Thioguanine (S6G) and other thiopurines have been used as
therapeutic agents in the treatment of cancer and a variety of
other diseases since the early 1950s (1). Although a large body
of research is now available concerning thiopurines, the exact
mechanism by which they operate has yet to be fully under-
stood. It is known that all these pharmaceuticals act through
the same biochemical intermediates, requiring activation to
6-thiodeoxyguanosine 50-triphosphate through metabolic

cellular pathways. This modified nucleotide is the active
metabolite which is subsequently incorporated into the
DNA duplex, a prerequisite for cytotoxicity (2,3). Many bio-
chemical and molecular biological studies have examined the
effects of S6G incorporation on cellular processes, increasing
the overall understanding of its cytotoxic activity (4–22).
However, a more basic question remains: what causes the
initial recognition of S6G as abnormal?

The S6G residue itself is almost identical to an unmodified
guanine nucleotide, differing only in the substitution of a
sulfur atom for the oxygen at the sixth position of the purine
ring (23). An initial NMR structural study had concluded that
S6G substantially disrupted the duplex structure and blocked
the formation of G-four tetrads (24). However, recent data
confirms that S6G does not greatly perturb the normal helical
form of DNA, where it can form Watson–Crick base pairs with
cytosine (25,26) and adopt a wobble alignment with thymine
(25). This indicates that the recognition mechanism for S6G
lesions may not be structural in nature. Theoretical simulations
predict a slight destabilization of the hydrogen bonding owing
to the increased size and decreased electronegativity of the
sulfur atom compared with the normal oxygen (27,28). These
studies were later confirmed by the observation that a S6G*C
pair has a greater degree of mobility and is marginally less
stable than a normal G*C pair (25,26). The comparative sta-
bility of an S6G*T mismatch to that of a G*T mismatch or a
S6G*C pair is difficult to predict, but, owing to the absence of
a strong mutagenic effect for S6G (16), it is likely that the
pairing with cytosine will be more stable.

This work describes a thorough investigation of the impact
of the S6G residue upon the stability of duplex DNA through
quantification of thermodynamic differences between lesioned
and control duplexes as well as of the kinetic properties of the
base pairs of interest. For quantification of the global thermo-
dynamic properties of these duplexes, van’t Hoff methods are
used to analyze ultraviolet (UV) absorption as a function of
temperature. The widespread use of this approach allows com-
parisons to previously determined values for many different
sequence contexts (29), including mismatched and lesioned
duplexes (26,30). To assess the impact of the S6G residue on
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the local base pair stability, NMR inversion-recovery experi-
ments are used to quantify the kinetic properties of the lesioned
base pairs. Values are also determined for a control duplex and
a duplex containing a G*T mismatch in the same sequence
context for comparison. In order to facilitate isolation of NMR
signals, the sequences are designed to consist entirely of A*T
base pairs except for a single G*C pair in the central position.
The chemical structure of S6G and the sequence of the duplex
used in this research are shown in Figure 1.

MATERIALS AND METHODS

Synthesis of deoxyribo-oligonucleotides

A protected 6-thioguanosine precursor for solid-phase DNA
synthesis was purchased from Glen Research, Inc., and was
incorporated into the oligodeoxynucleotide sequence using
standard phosphoramidite chemistry procedures. Then, 17mer
sequences d(TTATTATTSATTATTAT), d(ATAATAATCA-
ATAATAA) and d(ATAATAATTAATAATAA) (where S
represents 6-thiodeoxyguanosine) were synthesized and
purified at the SUNY Stony Brook DNA synthesis facility.
Purification of modified and unmodified oligodeoxynuc-
leotides was performed as described previously (31). Sample
purity was estimated to be >96%, as revealed by analytical
high-performance liquid chromatography. Oligodeoxynuc-
leotides were subsequently desalted using a Sephadex G-25
column and then converted to the sodium salt by passing them
through a Dowex cation exchange resin column.

Duplex formation and sample preparation

A 1:1 stoichiometry was obtained for each duplex by addition
of the appropriate amount of each strand determined using
extinction coefficients calculated using Generunner v3.00
(Hastings Software, Inc.). Samples used for the thermodyn-
amic studies consisted of between 0.5 and 2 OD260 U of
duplex dissolved in 1 ml of a water solution, pH 6.8, contain-
ing 100 mM NaCl and 0.5 mM EDTA, for DNA concentra-
tions between 0.5 and 8 mM. Samples used for the base pair
kinetic experiments consisted of between 100 and 150 OD260
U of duplex dissolved in 25 mM borate buffer, pH 8.9,
containing 100 mM NaCl, 0.05 mM 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS) and 0.5 mM EDTA, for
DNA concentrations between 1.2 and 1.5 mM. Ammonia cata-
lyst concentration was determined by titration analysis of a
stock ammonium hydroxide and confirmed as unchanged by

following, in a control sample, the NH3 peak integrals com-
parative to DSS over time. The loss of ammonia was negligible
over the course of the experiments (usually totaling 1–2
weeks).

Thermodynamic experiments

UV-absorption thermal denaturation experiments were carried
out using the ‘thermal’ program of a CARY100 Bio UV-VIS
spectrophotometer equipped with a multicell block temperat-
ure regulation unit and a fluid conduction thermal regulation
enhancement attachment (Varian, Inc.). Up to four duplex
samples at a time, plus the blank, were placed in stoppered
cuvettes and inserted into the spectrophotometer for nearly
simultaneous measurement. The pre-run temperature was
allowed to equilibrate for at least 10 min to either 1 or 80�C
depending upon the experiment. Temperatures for each experi-
ment generally were increased from 1 to 80�C or decreased
from 80 to 1�C at a rate of 0.3�C/min for complete temperature
equilibration at each point. A minimum of 40 experiments was
performed for each duplex, with varied DNA concentrations.
The calibration and temperature regulation was verified by
utilizing a digital thermometer placed inside one of the sample
chambers and comparing thermometer temperature values
with those displayed by the computer software. Although it
was impossible to use this method during an actual experi-
ment, the calibration run showed that the temperature was
stably controlled to within 1�C.

Thermodynamic data analysis

Absorbance versus temperature profiles were analyzed within
the Meltwin (v3.5, McDowell) program to generate thermo-
dynamic parameters. Curves were fitted using a Marquardt–
Levenburg algorithm and processed via two different methods.
In method I, each individual curve was analyzed separately
to establish thermodynamic values (32–34). In method II, a
plot of T�1

m versus ln(Ct/4) yields a straight line with slope
R/DH0 and intercept of DS0/DH0 via the following equation,
allowing determination of the enthalpy and entropy simultan-
eously (35):

1

Tm

¼ R

DH0
ln

Ct

4

� �
þ DS0

DH0
:

The Gibbs free energy (DG0) is then calculated from
these values. A detailed description of the theory and
error analysis is given elsewhere (36,37). Error values are
stated as standard deviations of the data. Plots of the fraction
of DNA in the helical conformation versus temperature, a
curves, were generated for each data set in Microsoft Excel
(Figure 2).

Kinetic experiments. In order to investigate base pair kinetics,
imino proton exchange rates were measured at pH 8.9 with
increasing catalyst concentrations. The imino proton chemical
shifts at neutral and basic conditions were very close, indic-
ating a similar duplex structure at those pH values. Longitud-
inal relaxation times (T1) were determined at 5�C using 1D
frequency-selective inversion-recovery experiments. Spectra
were collected on a Varian INOVA 600 MHz spectrometer,
using a designed pulse program that, by means of a shaped
pulse, inverted the imino proton signal of interest at the
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Figure 1. Chemical structure of 6-thioguanine and sequence of the lesion
containing duplexes studied here. S is either 6-thioguanine or guanosine and
X is either cytosine or thymine.
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beginning of the sequence (37) (Sh2jr, available upon request).
The water signal was suppressed by using a jump-return read-
ing pulse. Low-temperature calibration was performed before
each set of experiments by analyzing chemical shift differ-
ences of the methanol signals and using the macro ‘tempcal’
provided by Varian. NMR signals were referenced to external
DSS at 0 p.p.m. A minimum of 64 scans was taken for each
recovery time. The number of data points taken for a given
ammonia concentration differed to maximize the values in the
steepest portion of the sloped region of the curve. A typical
inversion-recovery profile included recovery times of 0,
0.0005, 0.001, 0.002, 0.004, 0.008, 0.016, 0.032, 0.064, 0.1,
0.12, 0.14, 0.16, 0.18, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6,
0.7, 0.8, 0.9, 1, 2, 3 and 4 s. Recovery times between 1 and 4 s
were used in each experiment to verify complete signal relaxa-
tion. The spectra were processed using Felix97 (Accelrys, San
Diego, CA). Within each data set, the spectra were subjected to
identical solvent suppression routine, complex Fourier trans-
formation, baseline correction and peak integral measurement.
Only the phase parameters were readjusted for each spectrum.
For each duplex, the imino proton chemical shifts at neutral
and basic pH were very close, indicating similar structures
within this pH range.

Kinetic data analysis. In order to determine the T1 relaxation
time for each catalyst concentration (ammonium), peak integ-
ral values obtained at each recovery time were fitted to the
following exponential equation (38):

I tð Þ ¼ I 1ð Þ þ I 0ð Þ � I 1ð Þ½ �e �t=T1ð Þ:

I(t) is the integral of the NMR peak at a given recovery time,
I(0) is the integral of the peak immediately following inversion
and I(1) is the integral of the peak after full recovery. Error
values for T1 were calculated as standard deviations of
multiple experiments at each catalyst concentration. Imino
proton exchange theory has previously been thoroughly
described (39) and only the most directly utilized equations
are mentioned here.
The solvent-imino proton exchange time (tex) is calculated
for each catalyst concentration from T1 and T0

1 values via
the following equation (where T0

1 is T1 in the absence of

added catalyst):

tex ¼ 1

T1

� 1

T0
1

� ��1

:

The error in tex was propagated from errors in T1 as described
elsewhere (37):

tex ¼ t0 þ
1

Cat½ �
1

CKd

:

In this expression, t0 is the base pair lifetime, [Cat] is the
catalyst concentration and C is a constant that incorporates
all parameters relating to accessibility and proton transfer
probability. This constant was calculated using previously
determined values (39–43) and extrapolated to 5�C. Kd rep-
resents the dissociation constant of the base pair, which is
equal to the ratio of the base pair opening and closing rates
(kop/kcl). Extrapolating this equation to an infinite catalyst
concentration, the base pair lifetime becomes equal to the
solvent exchange time and Kd can be calculated from the
slope value. Thus, the measurement of exchange times at
different concentrations of catalyst allows calculation of the
base pair lifetime as well as opening and closing rates.

RESULTS

Thermal and thermodynamic stability

As shown in Figure S1 of the Supplementary Material, all
duplexes display the characteristic hyperchromic shift in
UV absorbance as the temperature is raised from 1 to 80�C.
Representative a curves are shown in Figure 2, and Tm values,
calculated for a 1.0 · 10�4 M concentration, are listed in
Table 1. Replacement of the central G*C base pair of the
duplex by a S6G*C pair causes a decrease of �10% in the
thermal stability of duplex formation. In contrast, the Tm val-
ues of the G*T-containing and S6G*T-containing duplexes are
essentially identical, indicating that within the concentration
range investigated in this study, S6G does not diminish the
stability of the mismatch any further.

The thermodynamic properties computed for the duplexes
studied are also listed in Table 1. The different methods of data
analysis are used to verify the presence of a two-state process
of duplex denaturation. Previous studies have defined that an
agreement within 10% of the enthalpy values calculated by the
two methods indicates a simple one-step transition. Enthalpy
differences in the 10–20% range suggest a ‘marginally non-
two-state’ transition, and discrepancies >20% are indicative of
a non-two-state process (30). The G*C control duplex has
enthalpy values that differ by almost 70%. In addition, a care-
ful examination of the T�1

m versus ln(Ct/4) plot (van’t Hoff
plot) reveals a curvature in the data, further supporting its
departure from a one-step process (Figure 3, filled triangles).
This deviation from a linear plot is postulated to be due to a
non-zero change in heat capacity of the sample over different
concentrations (44). Therefore, in the case of the G*C duplex,
only the free energy values as computed near the melting
temperature are meaningful (34). For the G*T mismatch
and both S6G-containing samples enthalpy values are gener-
ally within 10% agreement (Table 1) and display linear van’t
Hoff plots (Figure 3), indicating the presence of a two-state
dissociation process for these duplexes.
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Figure 2. Representativea curves for the control G*C duplex (filled triangles),
S6G*C duplex (open triangles), G*T mismatch duplex (filled circles) and
S6G*T duplex (open circles).
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In agreement with a previously calculated decrease in
stability (28), the DG0 for the S6G*C duplex is �1 kcal/
mol less favorable than that of the control duplex. In contrast,
the G*T and S6G*T mismatch duplexes have similar DG0

values, which are �3 kcal/mol less favorable than that of
the G*C control duplex, with some dependence on the tem-
perature at which it is calculated. DG0 values are reported at
both 25 and 37�C for all duplexes in Table 1.

Kinetic experiments

Typical inversion-recovery plots collected for the G9H1 or
S6G9H1 imino protons of each duplex are shown in Figure
S2 of the Supplementary Material. The T1 values derived from
these curves are then used to calculate imino proton exchange
times (tex) at different catalyst concentrations (see Materials
and Methods). Figure 4 displays plots of tex versus (catalyst
concentration)�1, which in turn are employed to determine
base pair Kd, t0 and topen values. Table 2 lists the base pair
kinetic parameters computed for each duplex.

The base pair lifetime, t0, computed for the G*T mismatch
should be viewed with a great degree of caution because the
value is well within an error of zero. This will also greatly

affect the lifetime of the open state of the base pair and the
opening rate calculations, as a difference of a single milli-
second in t0 causes, at this level, an order of magnitude change
in these calculated values. The dissociation constant, Kd, of the
G*T mismatch is more reliable and is comparable to previ-
ously determined values on the order of 10�4 for this mismatch
(41). The dissociation constants for the G*T and S6G*T mis-
matches must be considered equivalent, because they are
within one standard deviation of each other when the same
residues of the mismatches are compared. Although Kd values
for the G*T mismatch are quite similar to those of the S6G*T
mispair, both the open pair and closed pair lifetimes are sig-
nificantly longer in the case of S6G, suggesting that, despite
the similarity in lifetime ratios, the energy barrier between the
open and closed states is higher for the S6G*T mismatch.

The values of the base pair lifetime in both the open and
closed states for the control G*C pair are relatively large
compared with most other values found in the literature
(45,46). This is probably due to the lower temperature of
our measurement and the positioning of the pair in the center
of the 17mer, quite far from any end-fraying effect. This is not
a unique result, as a very long base pair lifetime was found for
the G4H1 proton in a 50-d(CGCGAATTCGCG)-30 context
(41). The S6G*C pair is much less stable than the normal
G*C pair, having a higher Kd and shorter t0. Although the
lifetime of the open state is only a little more than half that of
the normal G*C pair, that of the closed state is >17 times
shorter for S6G*C, indicating that its opening rate is faster
and that the S6G*C pair spends more total time in the open
conformation than its control counterpart. Another way to look

Table 1. Thermodynamic parameters of DNA duplexes

Duplex Tm
a

(�C)
DH0

(kcal/mol)
DS0

(kcal/mol �K)
DG0

25�C

(kcal/mol)
DG0

37�C

(kcal/mol)

G*Cb 42.4 �103 – 6 �0.31 – 0.02 �12.0 – 0.3 �8.3 – 0.2
S6G*Cb 39.6 �105 – 7 �0.32 – 0.02 �11.2 – 0.3 �7.4 – 0.1
G*Tb 33.2 �91 – 4 �0.28 – 0.01 �8.7 – 0.1 �5.4 – 0.1
S6G*Tb 33.6 �97 – 6 �0.30 – 0.02 �9.0 – 0.2 �5.4 – 0.2
G*Cc (39.9)d (�171 – 19)d (�0.53 – 0.06)d (�14.8 – 0.7)d �8.1 – 0.5
S6G*Cc 39.8 �101 – 8 �0.30 – 0.02 �11.0 – 0.2 �7.4 – 0.2
G*Tc 32.9 �97 – 9 �0.30 – 0.03 �8.9 – 0.1 �5.2 – 0.3
S6G*Tc 34.3 �85 – 5 �0.26 – 0.02 �8.9 – 0.1 �5.8 – 0.2

Reported errors are SDs.
aCalculated for a 1.0 · 10�4 M DNA concentration.
bDetermined from individual melting curves.
cDetermined from (Tm)�1 versus ln(Ct/4) plots.
dValues between brackets are included to emphasize the non-two-state process
for melting of the unmodified duplex but are not valid parameters.
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angles), S6G*C duplex (open triangles), G*T mismatch duplex (filled circles)
and S6G*T duplex (open circles).
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at these differences is to compare base pair opening rates. In a
second, the normal G*C pair opens �8 times, while the
S6G*C pair opens �137 times and the S6G*T mismatch
opens �400 times. Because the resolution of the method
used in these experiments cannot detect lifetimes <1 ms
and therefore was not high enough to measure the lifetime
of the G*T mismatch, the best estimate of the opening rate is
given as a lower boundary. Thus, the opening rate of the G*T
mismatch can reasonably be said to be faster than 1000 times
per second.

DISCUSSION

The cytotoxic events triggered by the presence of S6G in DNA
are extensive and well characterized, but the precise mechan-
ism by which this residue is perceived as ‘damage’ by the
cellular machinery are not yet fully understood (4–22).
Because it is so similar to normal guanine, it is important
to address what differentiates S6G such that it is recognized
as abnormal and thus initiates the process that eventually leads
to cell death. Previous structural studies have shown the lesion
to be highly conservative because it does not perturb duplex
formation, or disturb Watson–Crick base pairs (25,26) or wob-
ble mismatch alignments (25). Only the formation of G-four
tetrads seems to be affected by a single substitution of S6G
for guanine (24,47). Thus, a next logical step is to investigate
changes in duplex and base pair stability induced by the
presence of S6G.

The results indicate that the substitution of S6G for guanine
on a G*C base pair moderately decreases the thermal and
thermodynamic stability of DNA duplexes. This is a much
weaker effect than the destabilization caused by the introduc-
tion of a single G*T mismatch in the same duplex or by the
presence of a single abasic site (48). The impact of S6G on
stability does not extend to the G*T mismatch, where, within
the sequence context studied here, Tm and DG0 values of G*T-
containing and S6G*T-containing duplexes are essentially
identical. More significantly, the base pair kinetics are
severely changed by the presence of S6G, suggesting that
in genomic DNA, where its effect on overall thermal and
thermodynamic stability is minimized, local dynamics of
S6G-containing pairs are responsible for initiating the biolo-
gically relevant responses. The comparative differences in
stability between S6G*C pairs and S6G*T mismatches are
significantly smaller than the differences between normal
G*C pairs and G*T mismatches. The G*T-containing and
S6G*T-containing duplexes display nearly identical DG0 of
duplex formation, having �3 kcal/mol less stability and melt-
ing temperatures almost 10�C lower than the G*C duplex. The
S6G*C duplex is also thermodynamically less stable than the

control, but by a much smaller margin. The difference is �3�C
in melting temperature and the DG�37 of duplex formation is
less favorable by just 1 kcal/mol.

It is interesting to note that, aside from the control duplex,
the samples display apparently two-state melting behavior.
This difference is perhaps not surprising given the relative
base pair stabilities on the local level. The duplex sequence
used in our studies contains a series of A*T base pairs, sta-
bilized by two Watson–Crick hydrogen bonds, with a central
G*C pair that has three hydrogen bonds. A typical A*T base
pair has a lifetime on the order of 10 ms (49) and dissociation
constant on the order of 10�5 (50). The G*C pair in the control
duplex has a lifetime of 125 ms and a dissociation constant of
5.39 · 10�7. The high affinity (1/Kd) of a central G*C pair
could result in an additional phase of melting where all A*T
pairs have dissociated but the strands are still held together by
the intact G*C pair. In this case, the separated bases may
re-associate with each other or with bases on neighboring
duplexes, forming transient intermediate structures that dis-
rupt the two-state melting behavior. In contrast, this stable core
is not present in the modified duplexes, for which the central
pairs have lifetimes of <10 ms and Kd values close to that of
A*T pairs, facilitating a two-state transition for the A*T rich
duplex.

The instability of G*T, S6G*T and S6G*C pairs, indicated
by higher Kd values and shorter base pair lifetimes, points to a
greater degree of mobility at the S6G site compared with the
control. This is particularly evident for the G*T mismatch,
where the physical properties are difficult to quantify owing to
a base pair lifetime within the experimental detection limit. It
is true to a lesser extent for S6G*C pairs as well, given the
relatively short lifetime of 7.3 ms compared with 125 ms for a
G*C pair in the same sequence context. The lifetime of
the S6G*C base pair computed here is almost identical to
the value of 8 ms reported for the lesion in a different sequence
context (26), suggesting a lack of influence of flanking
base pairs on the kinetics of S6G*C base pairs. The S6G*C
base pair lifetime is �3 times longer and the dissociation
constant �30 times lower than the values for S6G*T. This
disparity is much smaller than that between a normal G*C pair
and a G*T mismatch, offering a possible explanation for the
mild mutagenicity observed for S6G (16).

The destabilization of DNA as a result of the substitution of
guanine for S6G is most striking on the single base pair level,
where the opening rate of the S6G*C pair is 17-fold faster than
that of the normal G*C pair. The decreased local stability of
the modified base pairs is likely to have physiological signi-
ficance relevant to the recognition of this lesion by down-
stream cytotoxic factors. Because the modified base pairs
are relatively unstable and the bases spend a relatively
large amount of time out of the helix, it is likely that an outside

Table 2. Base pair kinetics parameters

Duplex G*C S6G*C G*T S6G*T

Imino proton G(H1) S6G(H1) G(H1) T(H3) S6G(H1) T(H3)
t0(ms) 126 – 8 7.3 – 1.2 0.1 – 0.3 0.1 – 1 2.4 – 0.9 2.3 – 0.3
Kd · 10�7 (mol�1) 5.4 – 0.3 52 – 4 1760 – 55 3612 – 113 1534 – 220 3472 – 95
topen(ns) 68 – 3 38 – 4 17 – 12 36 – 8 366 – 91 770 – 103

Kinetic parameters measured at 5�C. Reported errors are SDs t0 is the base pair lifetime. Kd is the dissociation constant. topen is the open pair lifetime.
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force, such as a DNA-binding protein, could stabilize an open
conformation of the base pair. The increase in the single-
stranded character of the DNA could cause a high-fidelity
polymerase to sense any base incorporated opposite S6G,
including dC, as a mistake and initiate a futile cycle of inser-
tion and excision events, a process that eventually leads to
apoptosis (51). Another possibility is that the instability might
enhance the binding of mismatch repair proteins, the activity
of which is thought to be important in the cytotoxic pathway of
S6G (13). The increased mobility of S6G certainly makes it
more exposed than a normal guanine to any number of cellular
components that could be involved in the cytotoxic mechan-
ism of S6G.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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