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ABSTRACT. The phosphorothioate and phosphodiester oligodeoxynucleotides d(TTGGGGTT) form parallel-
stranded tetramer structures stabilized by guanosine quartets. The phosphorothioate tetramer has been
shown to inhibit human immunodeficiency virus (HIW)zitro. The kinetics of association and dissociation

of both tetramers have been determined as a function of temperature using size exclusion chromatography
to measure the ratio of single strand to tetramer. In phosphate buffered saline (pH 7.2)GttBé
fourth-order association rate of the phosphorothioate tetramer was®3) & 10* M2 s1; the dissociation

rate was 8.240.2) x 1078 min~1, resulting in at;, of about 60 days. The association rate of the
phosphodiester was about one order of magnitude faster and the dissociation rate about one order of
magnitude slower than that of the phosphorothioate tetramer. The association reaction had a negative
energy of activation for both compounds. Despite thermodynamic instability of the tetramer at low
concentrations, the extremely slow dissociation rate may allow use of the phosphorothioate tetramer for
AIDS chemotherapy.

The guanosine base tetrad, or guanosine quartet (G-sized using phosphoramidite chemistry (Sinha et al., 1984;
quartet), is an important structural motif observed in DNA |yer et al., 1990). The phosphorothioate d(TTGGGGTT) was
or RNA oligonucleotides containing G-rich sequences. purified using reversed-phase HPLC column with a gradient
Interest in nucleic acid structures stabilized by G-quartets of methanol in water. For some experiments, the tetrameric
has increased since the proposal that telomeric DNA form was isolated using size exclusion chromatography on
sequences adopt intramolecular G-quartet structures (W|Il—a Pharmacia Superdex 75 HiLoad 26/60 column. The

iamson et al., 1989). Subsequently, many studies of oligo- ; ;
nucleotides that adopt G-quartet structures have been reporteﬁ:) r\:\?lrr;gt]ebgfﬁ 2e rmvaasm i?lm'Il\{lhzos;::)?pm?j?ep;itreo%;n7l£|)e2t-a

(Guschlbauer et al., 1990; Williamson, 1994; Pilch et al., . o S . .
1995). The complexes formed by four strands were origi- tide was pyrlfled by precipitating twice from 0.5 M sodu,!m
nally characterized by Sen and Gilbert (1988, 1990). These ac_etate using two volumes of ethz?mol. The phosphorothmate
tetramers are parallel, right-handed helices with all nucle- oligonucleotide was desalted using a Pharmacia HR 16/30
otides in theanti conformation (Cheong & Moore, 1992; column packed with Pharmacia Superdex 30 run in water
Lu et al., 1992; Sarma et al., 1992; Wang & Patel, 1992, with a flow rate of 0.5 mL min™.
1993; Aboul-ela et al., 1994; Laughlan et al., 1994). . : )

The phosphorothioate oligonucleotide d(TTGGGGTT)is  >!2€ Exclusion Chromatographynalytical assay of the
a specific inhibitor of transmission of human immunodefi- Fatio of monomeric and tetrameric forms of the oligonucleo-
ciency virus (HIV) infectionin vitro. The oligonucleotide  tides was performed with a Pharmacia Superdex 75 HR 10/
forms a parallel-stranded tetramer stabilized by G-quartets; 30 size-exclusion column using a buffer of 25 mM sodium
the tetramer structure and certain phosphorothioate linkagegphosphate (pH 7.2), and 0.1 mM EDTA at a flow rate of
are necessary for inhibition of viral infection (Wyatt et al., 0.5 mL mim®. Detection was at 260 nm.

1994). The tetramer binds to the V3 loop domain of gp120 ] o o ] o
to inhibit both cell-to-cell and virus-to-cell spread of infection ~ Dissociation Rate AnalysisFirst order dissociation rates

(Buckheit et al., 1994). The concentration of oligonucleotide Were determined at several temperatures and several potas-
required to inhibit 50% of virus-induced cytopathic effect sium and sodium concentrations. A stock of oligonucleotide
(ICs) is 0.3uM (£0.05uM) (Wyatt et al., 1994). As the at 2 mM strand concentration in 40 mM sodium phosphate
tetrameric complex is required for antiviral activity, the (pH 7.2) and 100 mM KCI was diluted to 1M strand
thermodynamic and kinetic stability of the complex is concentration into buffer. The stock solution was at least
important. In order to have clinical value, the active tetramer 96% tetramer as monitored by size exclusion chromatogra-
must remain intact at relatively low concentrationzizo.  phy. For analysis of the temperature dependence of the
The present study extends the initial structural characteriza-gjssociation rate, oligonucleotide was diluted into phosphate-
tion of the tetramer cqmplex and addresses the associationy \¢ered saline at pH 7.2 (PBS: 137 mM NaCl, 2.7 mM
and dissociation kinetics of the tetramer. KCl, 1.5 mM KH,PQ, 8 MM NaHPQ;). The sample was
EXPERIMENTAL PROCEDURES incubated at the indicated temperature and analyzed by size
Oligonucleotide Synthesis and PurificatiorPhospho- exclusion chromatography over time. The fraction tetramer

rothioate and phosphodiester oligonucleotides were synthe-Was calculated after correction of peak areas for difference
in extinction coefficient. The dissociation rate was calculated

® Abstract published irAdvance ACS Abstractsune 1, 1996. from a plot of In (fraction tetramer) vs time. Where given,

S0006-2960(96)00124-9 CCC: $12.00 © 1996 American Chemical Society




Kinetics of G-Quartet-Mediated Tetramer Formation Biochemistry, Vol. 35, No. 24, 1996003

standard error is derived from two or three independent
experiments.

Association Rate AnalysisAssociation was monitored at
oligonucleotide concentrations, solution conditions, and
temperatures indicated. A desalted sample of oligonucleotide
in water at 1 mM strand concentration was diluted to the
appropriate concentration. The sample was incubated in a
boiling water bath for 10 min to dissociate any tetramer
present. Association was monitored by size exclusion
chromatography as a function of time. The fraction single . ' ‘ ‘ , .
strand was calculated after correction of peak areas for 200 220 240 260 280 300 320
difference in extinction coefficient. wavelength (nm)

The fract.|on single §trand was plot_ted as a function of time FicURe 1: CD spectra of the phosphorothioate)(and phospho-
for each oligonucleotide concentration and the curves were gjester (- - -) d(TTGGGGTT) tetramers. The spectra of buffer alone

fit to the following equation (Levine, 1978): is also shown (“bold line”). The spectra are characteristic of parallel-
stranded G-quartet structures.

Ag (M1 cm-)

S0 = 14 [ (n-1)(k)

is provided by circular dichroism. The CD spectra of the
phosphorothioate and phosphodiester analogs of d(T-
TGGGGTT) are qualitatively similar and are shown in Figure
. ) ) . 1. The spectra are characteristic of spectra of parallel-
respect to oligonucleotide concentration, dnds the rate tranded guanosine quartet structures reported by others
constant for disappearance of single strands. The order an Balagurumoorthy et al., 1992; Hardin et al., 1992; Jin et

the rate constant were simultaneously varied to minimize I, 1992; Lu et al., 1992, 1993; Sarma et al., 1992) with a
the square of _the (_j|fference betweer_l the measured and}E;lositive band at 260 nm and a negative band at 245 nm.
qalculated fraqtlon single strand at aII.t|mes and concentra- Antiparallel guanosine quartet structures have a different CD
tions for experiments at 2. \Where given, standard eror il \ith a positive band at 295 nm and a larger negative

is from two or three independent experiments. band at 265 nm (Balagurumoorthy et al., 1992; Lu et al.,
Thermal Melting Analysis.Absorbance vs temperature 1993).

curves were measured at 260 nm using a Gilford 260 netics of Tetramerization Size exclusion chromatog-
spectrophotometer. A decade d'\."der circuit adde_d to the raphy was used to monitor the dissociation and association
spectrophotometer allowed collection of data at heating rates,¢ 1ha tetrameric complexes (Wyatt et al., 1994). The

as slow as 0.023C/min. Oligonucleotide was diluted into 5 meric and tetrameric forms of the oligonucleotides were

PBS fromha StﬁCk at 2 mM strand concentratliqn in 40 mII\/I well resolved. When the phosphorothioate tetramer fraction
sodium phosphate (pH 7.2) and 100 mM KCI immediately '\~ jsolated using a preparative scale column and reinjected,

before use. The oligonucleotide concentration in the melting no single strand was observed. Conversely, after heat

e_xperiments was ap_proximately 2 th_e actual_ concentra-  yenaturation and injection, only the single-stranded form was
tion for each experiment was determined using the absor- ;o eq (data not shown). Thus, the conditions of the

bance at 85C and the extinction coefficient calculated as  goaration did not alter the ratio of single strand to tetramer.
described below. .The meltmg tgmperatufénaga is the The extinction coefficient for the monomeric form was
temperature at which the der.|vat|ve of the absorbance VS calculated using the method described by Puglisi and Tinoco
temperature curve was maximum. Reported values are(1990). The extinction coefficient for the tetramer was
averages of 'FWO or three experiments. determined by measuring the difference in absorbance at 260
Circular Dichroism Spectra (CD). CD spectra were 1 of 4 sample of purified tetramer before and after denatur-

recorded in a Jasco J-600 spectropolarimeter. Solutions of 41 There was approximately a 6% difference in absor-

20uM strand concentration were prepared from stocks at 2 o -« 4t 260 nm between the two forms. At 280 nm. the
mM strand in 50 mM sodium phosphate (pH 7.2) and 100 jitterence was about 9%. The extinction coefficient at 260
mM KCl immediately before use. Spectra were recorded at ., of d(TTGGGGTT) is 76.8% 10° M~ cm%; the extinc-
room temperature. Ellipticities were convertedAe and tion coefficient for the tetramer is 72.32 103,M71 oL

are reported per mole of residue. Dissociation Rates.The dissociation rate of the phos-
RESULTS phorothioate d(TTGGGGTT) quartet was determined in PBS
at several temperatures. The concentration of oligonucleotide
Structure of the Tetrameric ComplexXPreviously, we in each sample was 1@M. Under these conditions,
provided evidence that the phosphorothioate oligonucleotide equilibrium lies far toward the single strand. The plot of In
d(TTGGGGTT) formed a four-stranded complex (Wyatt et (fraction tetramer) vs time at 37C is shown in Figure 2a.
al., 1994). Gel electrophoresis experiments similar to those The plots are linear, implying that the dissociation was first
performed by others (Sen & Gilbert, 1990; Kim et al., 1991) order under these conditions. The dissociation rate constants
suggested that the phosphorothioate d(TTGGGGTT) tetramerin PBS at several temperatures are shown in Table 1. The
was parallel-stranded as are ribo- and deoxyoligonucleotidesdissociation rate of the tetramer was slow witht;a of
d(TGGGGT) (Aboul-ela et al., 1992; Cheong & Moore, approximately 60 days at 3. The rate increased at higher
1992). temperature and the activation ener@y)(obtained from a
Further evidence for the parallel-stranded nature of the plot of In of the dissociation rate constants as a function of
complex formed by the phosphorothioate d(TTGGGGTT) temperature (Figure 2b) was 58 kcal mbol

whereSis the fraction single strand at timeCr is the total
strand concentratiom is the order of the reaction with
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12 Ficure 3: (a) Association of the phosphorothioate tetramer in PBS
i ’ ’ y at 22°C. Fraction single strand was measured as a function of time
0.0029  0.0030 120((:5;) 0.0032 0-0033 for strand concentrations of 2QtM (<), 300 M (O), and 500

uM (x). These data were simultaneously fit to determine order
FIGURE2: (a) Dissociation of the phosphorothioate tetramer in PBS and rate constant. The curves were fit well by orders from 3 to
at 37°C. Fraction tetramer was measured as a function of time 4-5. Solid curves were calculated using the fourth-order rate constant
using size exclusion chromatography to resolve the single strand3-8 (:0.5) x 10° M~3s™%. The fourth-order rate constants at other
from tetramer. From the plot of In (fraction tetramer) vs time, temperatures are listed in Table 2. (b) Association of the phospho-
apparent first order rate for dissociation was determined (Table 1). fothioate tetramer in 100 mM KCI and 50 mM sodium phosphate
Different symbols represent data from two independent experiments. (PH 7.2) at 22°C. Fraction single strand was measured as a function
(b) Arrhenius plot of the dissociation rates (miof the phos-  Of time for strand concentrations of 1001 (#), 200uM (O), 300
phorothioate tetramer in PBS. The energy of activation is 58 kcal #M (<), and 50QuM (x). The curves were fit best by an order of
mol-1. 4.0. Solid curves were calculated using the fourth-order rate constant
6.5 #0.5) x 16 M3 sL,

Table 1: Dissociation Rate Constants for Phosphorothioate and

Phosphodiester d(TTGGGGTT) Tetramers as a Function of Table 2: Association Rate Constants for Phosphorothioate and
Temperature in PBS Phosphodlestgr d(TTGGGGTT) Tetramers as a Function of
- - Temperature in PBS
phosphorothioate phosphodiester Yy
-
temp (C) k (min~1) tu k (min~1) tay - ( ) -
temp €C) phosphorothioate phosphodiester
37 8.2@0.2)x 106 59 days -
55 1.7&02)x 108 6.8h  16x10* 72h 5 3.0 ¢:0.5) x 10
60 55¢0.8)x 10% 2.1h  6.0x10% 19h 22 3.8 €0.5)x 10° 1.4 (£0.5) x 10°
65 2.0x 102 35min  25x10°%  46h 37 6.1 (£0.5) x 10 1.0 ¢0.5)x 10°
a\Where given, the standard error is from two or three independent  * Where given, the standard error is from two or three independent
experiments. experiments.

Association RatesThe rates of association of the phos- from a similar experiment in 100 mM KCI and 50 mM
phorothioate and phosphodiester tetramers depended stronglgodium phosphate (pH 7.2). The data shown in Figure 3a
on oligonucleotide strand concentration. At 10@ strand were fit well by reaction orders from 3 to 4.5. The data
concentration at room temperature, almost no association washown in Figure 3b were more conclusive and were best fit
observed over a 2 day period. In contrast, the associationby a reaction order of 4.0. The fourth-order rate constant at
reaction at 1 mM strand was too rapid to measure accurately22 °C in PBS was 3.840.5) x 10® M3 s%. In 100 mM
using the size exclusion chromatography method. BecauseK™, tetramer formation was faster with a rate constant of
of the strong dependence of reaction rate on oligonucleotide6.5 #0.5) x 106 M3 s,
concentration, the concentration range accessible to deter- Association rates were also determined at 4 andQih
mination of fraction single strand vs time using size exclusion PBS (Table 2). At these temperatures, fewer concentrations
chromatography was limited. were studied so the fourth-order dependence on oligonucle-

To calculate the order of the association reaction, experi- otide strand observed at 2€ was assumed. The association
mental curves were obtained at several concentrations andate increased as the temperature decreased. An Arrhenius
fit to a single order and a single rate constant. This global plot yielded a negative activation energy for tetramer
analysis was necessary because if data were obtained onljormation of —33 kcal mot?. An elementary kinetic step
at a single concentration, small deviations could result in cannot have a negative energy of activati@),( so this
erroneous determination of the order of the reaction (JohnsonnegativeE, must represent a composite of rate constants
1995). Figure 3a is a plot of fraction single strand vs time (Cantor & Schimmel, 1980).
after incubation of the phosphorothioate oligonucleotide in  Mechanism for Tetramer AssociationVe propose the
PBS at 22C at several concentrations. Figure 3b plots data mechanism for tetramer formation shown in Figure 4a.
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Single strands (S) and dimers (D) are in rapid preequilibrium

that favors single strand, and tetramer (Q) formation from
dimer is rate limiting. The rate is

aQ _

2= klD]? ~ K[Q)]

where k, and k_, are the elementary rate constants for
formation and dissociation of tetramer from dimer.
The rate of tetramer formation is

e = k[D]? = ky(Koo[ST*

where K¢q is the equilibrium constant for the fast pre-
equilibrium between single strand and dimer:

Keq= [DVIS]®

The observed fourth-order association rate constapt (
is a composite of the elementary constants:

kon = (Ke(J) 2I(2

The observed dissociation rate constant is

This mechanism is supported by the observed fourth-order
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Ficure 4: Proposed mechanism for formation of tetramer from
single strand. (a) Four single strands (S) are in fast pre-equilibrium

dependence of the association rate constant on the concentrayith two dimers (D). In the rate-limiting step, two dimers form

tion of single-stranded oligonucleotide.

the tetramer (Q). Kinetic simulations of tetramer formation at 22

The mechanlsm IS also Cons|stent Wlth the Observed °Cin PBS were performed assumlng this mechanism. Values used

negative energy of activation, which implies a rapid pre-
equilibrium step. Short nucleic acid duplexes composed
primarily of A-U base pairs have negative energies of
activation (Craig et al.,, 1971; Porschke & Eigen, 1971,
Breslauer & Bina-Stein, 1977; Drobnies, 1979). The nega-
tive E, is explained by a mechanism in which formation of

the nth base pair (whera is the nucleation length) is rate

limiting. This rate-limiting step is preceded by a rapid pre-

for the mechanistic rate constants are given in the text. (b)
Calculated curves<) are compared to experimental data at’22

in PBS for concentrations of 2QaM (<), 300uM (O), and 500

uM (x). (c) The percent of the total oligonucleotide concentration
in single strands={), tetramer {-+) and dimer (- - -) are plotted for

the association reaction at 5 strand in PBS at 22C. The
percent oligonucleotide in dimer complex never reached detectable
levels.

Values forKeq less than 10 M! and values ok, faster than

equilibrium between single strand and a rather unstable3.8 x 10° M~! s7! resulted in concentration of dimer less

duplex ofn — 1 base pairs (Riesner & Romer, 1973).

The proposed mechanism requires a stable dimer inter-

than 2% of the total strand concentration, well below the
limit of detection of the assay.

mediate, yet a dimer of two strands was not observed in any Thermal Melting Experiments.The slow kinetics of

association or dissociation experiments using either the tetramer formation and dissociation make equilibrium mea-
phosphorothioate or phosphodiester d(TTGGGGTT). Com- surements impractical. As shown in Figure 5 the apparent
plexes of this size were resolved from single strand and melting temperature of the phosphorothioate tetramer changed
tetramer by size exclusion (data not shown). Therefore, thewith heating rate. The sample was diluted to 2M
dimer intermediate may not be present at detectable levels.strand concentration in PBS immediately before the experi-
Kinetic simulations were performed using numerical integra- ment. At a heating rate of 1 deg mih a typical rate for a

tion to investigate this possibility. The equilibrium constant thermal denaturation experiment, the apparent melting tem-

(Keg) Was varied to obtain agreement between simulated andperature Tmay Was 73.4 £0.5) °C. At the slowest heating

observed data. The rate constkantvas calculated frorkon,
for the phosphorothioate tetramer in PBS at’2andKeg
The rate constank-, at 22 °C was calculated from the

rate used, 0.025 deg mih(1 °C every 40 min),Tnax Was
61.0 &0.2) °C.
The melting temperature vs heating rate curve was

temperature dependence of the measured dissociation ratesimulated using dissociation rates calculated at each tem-
of the phosphorothioate tetramer in PBS. Values used for perature from the slope and intercept of the Arrhenius plot

the simulation wer&Keq = 0.5 M™%, k, = 1.53 x 1P M~?
s andk-, = 1.15 x 10°° s&. The simulated fraction

(Figure 2b). For calculations, the sample was assumed to
be 95% tetramer at 23C; this was confirmed by size

single strand was in good agreement with experimental dataexclusion chromatography. From the dissociation rates and

(Figure 4b). During the simulation, the concentration of
dimer did not reach 1% of the total strand concentration
(Figure 4c). An infinite number of combinations kg, and

the heating rate, the fraction single strand at each temperature
above 23°C was determined. Reassociation was ignored
in the simulation because, at this oligonucleotide concentra-

k. were consistent with the experimental data, so we were tion, the association half-time at Z& is about 16 years

unable to independently determine valueskaf and k..

and is slower at higher temperatures. Thgxvalues from
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80 than tetramer prepared in a mixture of sodium and potassium
(Wyatt et al., 1994). This is consistent with increased
75 1 . stability of G-quartet structures formed in potassium relative
to sodium that has been observed by others (Williamson et
o 70 : al., 1989; Hardin et al., 1992; Lu et al., 1992). The observed
‘é salt dependence at 6% is consistent with exchange of
£ 657 counter-ion within the G-quartet structure without dissocia-
tion of the tetramer.
60 7 The association rate of the phosphorothioate tetramer was
increased when either sodium or potassium ion concentra-
55 " ' " " " tions were increased. Fourth-order association rate constants
0.0 0-2 0.4 06 08 1.0 12 were determined at 8C, in 50 mM sodium phosphate (pH
heating rate (deg/min) 7.2) as a function of potassium and at 4 mM KCI and 50
FIGURE 5. Apparent melting temperaturd@,f,) of the phospho- mM sodium phosphate (pH 7.2) as a function of sodium.
rothioate tetramer changed with heating rate. The obsefygdat The extra monovalent ion concentration was varied from 20

each temperature is indicated)( The error bars are the standard to 500 mM. A plot of Ink vs In (monovalent ion) showed
deviation of two or three experiments. The calculated curvg ( a fourth-order dependence on potassium and a fifth-order

was determined using the slope and intercept of the Arrhenius plot . . . .
for the dissociation rate as described in the text. dependence on sodium concentration (Figure 2, Supporting
Information).

the simulation are plotted with the experimentally determined

Tmax Values in Figure 5. The Arrhenius data nearly quanti- DISCUSSION

tatively predicted the dependence of i, on heating rate The phosphorothioate and phosphodiester oligonucleotides

and provided confirmation of the temperature dependenceq(TTGGGGTT) adopt four-stranded structures presumably

of the dissociation rates shown in Figure 2b. stabilized by G-quartets. Circular dichroism spectra (Figure
Calculated Thermodynamic Parameterés thermody- 1) of the two oligonucleotides were characteristic of parallel-

namic parameters could not be obtained from equilibrium stranded tetrameric structures (Balagurumoorthy et al., 1992;
melting experiments, parameters for formation of the phos- Lu et al., 1993). Small, but significant, differences in the
phorothioate d(TTGGGGTT) tetramer in PBS (pH 7.2) were spectra of the phosphorothioate and phosphodiester oligo-
calculated from the rate constants and the activation enthalpy.nucleotides are presumably due to subtle structural differ-
The AG°(37°C) is —16 kcal mot?, AH® is —91 kcal mof?, ences between the two tetramers.
and AS® is —240 cal mof! K™ The tetramer was The slow kinetics of formation and dissociation of G-
kinetically stable at 37C in PBS (pH 7.2) with a dissociation  quartet structures have been discussed by Williamson (1994).
t> of approximately 60 days. However, the tetramer was |n NMR studies of the parallel-stranded tetramer formed by
not thermodynamically stable at room temperature under {pe oligoribonucleotide d(TGGGGT) (Cheong & Moore,
condit_ions used in the thermal denaturation_ experiment.s 1992) and of deoxyoligonucleotides that adopt inter- and
described above. At 1 mM strand concentration, the equi- intramolecular G-quartet structures (Smith & Feigon, 1992;
librium melting temperature is 4. At 10uM strand, the  \wang & Patel, 1992; Gupta et al., 1993), the normally labile
equilibrium melting temperature is 2. imino protons do not exchange for days. Slow kinetics of
Kinetics of Phosphodiester d(TTGGGGTT) Tetramer dissociation of phosphodiester d(TTGGGGTT), under ionic
Formation and Dissociation.The rate of dissociation of the  conditions different from those used in this study, were
phosphodiester d(TTGGGGTT) tetramer was determined atreported previously (Shida et al., 1991). Thus, G-quartet
55, 60, and 65°C in PBS for comparison to the phos- structures exhibit kinetic stability unique for nucleic acid
phorothioate (Table 1). The rates are roughly an order of structures.
magnitude slower than the dissociation rates of the phos- previous studies have indicated that G-quartet structure
phorothioate under the same conditions. formation is slow. Several groups have studied the kinetics
The association rates for the phosphodiester d(TTGGGGTT) of folding of oligonucleotides containing dimeric G-quartet
were determined at two temperatures (Table 2). The structures (Sen & Gilbert, 1990; Fang & Cech, 1993; Guo
phosphodiester oligonucleotide associated to form the tet-et al., 1993). In one study of a four-stranded G-quartet
ramer more rapidly and the tetramer dissociated more slowly structure, WatsonCrick duplex formation was shown to be
than the tetramer formed by the phosphorothioate oligo- faster than parallel-stranded tetramer formation for the
nucleotide. Thus, the equilibrium constant for formation of deoxyoligonucleotide d(GGGGTTTT) (Sarma et al., 1992).
the phosphodiester tetramer was considerably more favorable |n the present study, size exclusion chromatography was
than that for the phosphorothioate tetramer. used to resolve single strand from tetramer as a function of
Dependence of Rates on Mamatent Cation Concentra-  time, and kinetics of dissociation and association were
tion. The dissociation rate of the phosphorothioate tetramer determined. Both the phosphorothioate and phosphodiester
was strongly dependent on the concentrations of both sodiumoligonucleotides demonstrated similar, surprisingly slow
and potassium. At 63C, the dissociation rate increased as kinetics. Dissociation of the phosphorothioate oligonucleo-
the concentration of sodium in the buffer was increased, andtide d(TTGGGGTT) in PBS, which contains a low concen-
dissociation rate slowed as the concentration of potassiumtration of potassium (about 4 mM), appeared first order. At
was increased (Figure 1, Supporting Information). We 37 °C, the t;, was approximately 60 days. Extrapolat-
previously observed that tetramer prepared in buffer contain-ing from the Arrhenius plot (Figure 2b), thg, at 90°C is
ing no added potassium dissociated more rapidly at@7 6.5 s. Dissociation of short oligonucleotide duplexes is
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