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ABSTRACT: Salt effects on duplex formation by dGCATGC have been studied with spectroscopic, ther-
modynamic, and kinetic methods. Circular dichroism spectra indicate different salt conditions have little
effect on the structures of the duplex and single strand. NMR chemical shifts indicate the structure of
the duplex in 1 M NaCl is similar to that of the B-form determined previously in 0.5 M KCI [Nilges, M.,
Clore, G. M., Gronenborn, A. M., Brunger, A. T., Karplus, M., & Nilsson, L. (1987) Biochemistry 26,
3718-3733]. Optical melting experiments indicate the effect of Na*t concentration on melting temperature
is similar to that expected for a polynucleotide with the same GC content. Laser temperature-jump
experiments indicate the effect of Na* concentration on the rate of duplex formation is much less than is
observed for polynucleotides. The observations are consistent with expectations based on a counterion
condensation model. This is surprising for a duplex with only 10 phosphates.

’Ee salt dependence of duplex formation by short nucleic
acids is important for the prediction of nucleic acid structure
and dynamics under different buffer conditions. An under-
standing of salt effects is also important for the interpretation
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GM22939 (D.H.T.). A.P.W. was partially supported by an NSF Pre-
doctoral Fellowship and the National Organization for the Professional
Advancement of Black Chemists and Chemical Engineers.

University of Rochester.
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and prediction of the influence of salt on processes that may
involve formation of short duplex regions. Such processes
include RNA processing and control of gene expression by
“antisense” nucleic acids. For example, reactions of both
RNase P (Altman et al., 1986) and the self-splicing RNA from
Tetrahymena thermophila (Cech, 1987) have been shown to
depend on salt in unusual ways (Reich et al., 1988; Sugimoto
et al., 1988). Effects of site-directed mutagenesis that disrupts
base pairing can also be dependent on salt. For example,
Burke et al. (1986) found that disrupting conserved pairs in

0006;2960/89/0428-4283801.50/0 © 1989 American Chemical Society
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the self-splicing RNA from T. thermophila eliminates activity
at 2 mM Mg?* but not at 10 mM Mg?* in the presence of 0.1
M (NH,),SO,.

Considerable experimental and theoretical work exists on
the salt dependence of duplex formation by polymers (Record
et al., 1978; Manning, 1978). In contrast, little is known about
the effects of salt on the behavior of oligonucleotides (Porschke
et al., 1973; Elson et al., 1970; Freier et al., 1984; Record &
Lohman, 1978; Erie et al., 1987). For polymers, the observed
effects are explained by counterion condensation and Pois-
son—Boltzmann theories that are thought to apply for helixes
of lengths 215 nucleotides (Manning, 1976, 1978; Record et
al., 1978). It is not clear, however, how well these theories
describe oligomer behavior. This paper reports the thermo-
dynamic and kinetic properties of dGCATGC as a function
of Na* and Mg?* concentrations. The results are compared
with the salt dependence expected for a polymer of comparable
base composition.

MATERIALS AND METHODS

Oligonucleotide. dGCATGC was synthesized on solid
support with a phosphoramidite method (Beaucage & Ca-
ruthers, 1981; Matteuchi & Caruthers, 1981; Barone et al.,
1984). The molecule was purified by high-performance liquid
chromatography (HPLC)! on a PRP-1 column (Ikuta et al.,
1984) and deblocked. Purity was rechecked by HPLC on a
C8 column in 0.05 M Na,HPO, and 0.05 M NaH,PO,, pH
6.8, using a gradient from O to 25% methanol.

Circular Dichroism. CD spectra were measured at 0 and
70 °C with a Jasco J-40 spectropolarimeter. The strand
concentration was 1.32 X 107 M, and the cell path length was
1 mm.

NMR. NMR spectra were measured on a Brucker WH
400-MHz instrument., The sample was 6.63 X 10 M
dGCATGC in D,O with 1 M NaCl, 0.01 M sodium cacody-
late, and 0.001 M EDTA, pH 7. TSP was used as an internal
standard. Temperature was determined from plots of the
change in chemical shift of TSP relative to HDO as a function
of temperature.

Thermodynamics. Solutions were buffered at pH 7 with
10 mM sodium cacodylate and also contained 0.1 mM Na,-
EDTA. Concentrations given for Mg?* refer to Mg?* in excess
of EDTA. Prior to dilution of oligonucleotide for experiments,
buffers were degassed by heating to 90 °C for 10 min. Ab-
sorbance versus temperature melting curves were measured
at 260 and 280 nm on a Gilford 250 spectrophotometer at a
heating rate of 1 °C/min as described previously (Hickey &
Turner, 1985). Thermodynamic parameters for helix for-
mation were determined by two methods. First, AH® and AS®
were derived by fitting individual curves to a two-state model
with linear sloping base lines and averaging the results for a
range of oligomer concentrations (Petersheim & Turner,
1983). The melting temperature, Ty, where half of the strands
are in duplex was also determined this way for each curve. For
a self-complementary sequence, Ty"' = (2.3R/AH®) log Cr
+ AS°/AH®°, where Cr is the total concentration of strands.
Thus, second, Ty~ was plotted vs log Cr, and the values for
AH® and AS®° were derived from the slope and intercept of
this line (Borer et al., 1974).

Strand concentrations were determined at 260 nm from the
sample absorbance at high temperatures. The extinction
coefficient at 260 nm was calculated to be 55200 M~! cm™!

! Abbreviations: CD, circular dichroism; EDTA, ethylenediamine-
tetraacetic acid; HPLC, high-performance liquid chromatography;
NMR, nuclear magnetic resonance; TSP, sodium 3-(trimethylsilyl)-
tetradeuteriopropionate.
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FIGURE 1: Block diagram of Raman laser temperature-jump appa-
ratus: Synch. circuit, synchronizes all components and the data
collection; L, lenses; B, beam splitters; M1, dielectric mirror reflecting
100% at 1.06 um; A, thermostated cell holder; C, sample cell; D,
reference photomultiplier; E sample photomultiplier. Not shown are
Schott UGS filters in front of each photomultiplier. Each photo-
multiplier is also followed by an amplifier with adjustable gain.

for single strands by using the nearest-neighbor approximation
method described by Richards (1975) and Borer (1975). The
extinction coefficients are independent of salt concentration.

Temperature Jump. Studies of polyelectrolytes by con-
ventional electrical discharge temperature-jump instruments
can be complicated by electric field effects (Porschke, 1985;
Marcandalli et al., 1984). To avoid this, a Raman laser
temperature-jump apparatus (Turner et al., 1972; Turner,
1986) was constructed as shown schematically in Figure 1.
A 7-ns, 750-mJ pulse at 1.06 um from a Quanta-Ray DCR-2A
Nd:YAG laser is propagated 10 m and focused with a 1.5-m
focal length lens (L1). A 1-m, 4.75 cm diameter Raman cell
(Ameen, 1975) filled with 1000 psi of CH, is placed 0.5 m
from the focusing lens. Stimulated Raman scattering in CH,
converts about 20% of the energy at 1.06 um to 1.54 um. The
absorbance of water at 1.06 um is only 0.067 cm™, but at 1.54
pm it is 5.32 cm™. A mirror (M1) placed behind the Raman
cell reflects unconverted 1.06-um light back through the
Raman cell and transmits 80% of the 1.54-um light. Maxi-
mum Raman conversion is obtained when M1 is aligned to
give a small angle between the incident and reflected beams.
Direct reflection must be avoided to prevent damage to laser
components. The Raman-shifted pulse is about 5-ns wide.
This determines the heating time for the sample. About 120
mJ of 1.54-um light passes through an area of about 15 mm?
of the sample cell (C). The cells have open tops and are
constructed from Spectrosil quartz. They fit into a Gilford
250 spectrophotometer for easy determination of concentra-
tions. Sample volumes are 15 and 26 uL, respectively, for cells
of 0.5- and 1.0-mm path length.

Prior to use, cells are cleaned in a warm solution of KOH
in ethanol. A layer of Dow-Corning 200 dimethylpolysiloxane
fluid is placed on top of the sample to prevent evaporation.
The sample cell is placed in a thermostatically controlled cell
holder (A) connected to a circulating bath that maintains the
initial sample temperature £0.1 °C.

Reactions are followed by monitoring the change in ab-
sorption with time. The probe source is a 200-W Hg/Xe
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FIGURE 2: Relaxation spectrum of 2.18 X 10# M dGCATGC in 1.00
M Nat at 45 °C.

Canrad Hanovia arc lamp mounted in a Schoeffel housing.
A 10-cm bar magnet is suspended above the lamp to help
stabilize arc wander. The lamp is powered by a PRA M304
power supply with a PRA TX-5 optical feedback system that
uses the light intensity diverted by beam splitter (B1) to reduce
lamp noise. The beam is focused (L2) onto the entrance slit
of a Bausch and Lomb high-intensity monochromator set for
260 nm with a band-pass of 9.6 nm. After the monochro-
mator, the beam is collimated by a 15 cm focal length lens
(L3) and focused onto the heated region of the sample by a
5 c¢m focal length lens (L4). A Uniblitz shutter placed between
the monochromator and sample is opened 70 ms before the
laser pulse and remains open for 100-500 ms. This minimizes
exposure of the sample to high-intensity UV light. A beam
splitter (B2) is located just before the focusing lens, and the
reflection from this is focused by a 9 cm focal length lens (L5)
into a reference photomultiplier (D). The light not absorbed
by the sample is collected by a 10.5 cm focal length, 7.5 cm
diameter lens (L6) and focused with an 11 c¢m focal length
lens (L7) through a Schott UGS filter onto the sample pho-
tomultiplier (E). Both photomultipliers are RCA 1P28’s with
DIALOG DIA-RMA preamplifiers. The outputs of both
photomultipliers are electronically matched and input into a
Tektronix 7A22 differential amplifier that subtracts the ref-
erence from the sample signal. For signals with relaxation
times less than 2 ms, the amplifier is placed in a Tektronix
7912AD digitizer, and the signal is displayed on a Tektronix
T922 oscilloscope. Otherwise, the amplifier is placed in a
Tektronix 7633 storage oscilloscope and the signal viewed on
the screen.

A synchronizing circuit coordinates the opening of the
shutter, the triggering of the oscilloscope or digitizer and
computer, and the firing of the laser. The data are digitized
by either a PDP 11/23 computer or the Tektronix 7912AD
digitizer and stored on the computer. With one exception, 512
points were digitzed for relaxations. Data taken over 20 ms
consist of only 256 points. Between 4 and 65 curves taken at
a repetition rate of 0.2 Hz were averaged per experiment, and
each relaxation time represents an average of at least 10 ex-
periments. A typical relaxation spectrum for dGCATGC is
shown in Figure 2. Relaxation times were determined with
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FIGURE 3: .CD spectra of 1.1 X 10* M dGCATGC at 0 and 70 °C
in 1-mm cell. 0 °C spectra [listed in order of Ae (285 nm) from top
to bottom]: (=) 0.012 M Na*; () 0.042 M Na*; (---) 0.15 M Na*;
(=+-) 0.012 M Na* with 0.01 M Mg?*; (-~-) 1.00 M Na*.

the multiexponential fitting program DISCRETE developed by
S. Provencher (1976).

The temperature change of the instrument was measured
by using 6 mM K, Fe(CN),. The light intensity, I, transmitted
by the solution at 275 nm was measured as a function of
temperature over a 15 °C range. The relaxation signal am-
plitude at the midpoint of the temperature range was averaged
for 100 experiments and correlated to the change in I The
temperature jumps in 0.5- and 1.0-mm path length cells are
1.9 and 1.1 °C, respectively.

Experiments in D,O provide a convenient control to establish
that relaxations observed are due solely to the temperature
jump. The absorbance of D,O at 1.54 um is only 0.15 cm™
(Thomas et al., 1965). Thus, relaxations due to heating should
be absent if D,O is the solvent. Solutions of 2 X 10* M
dGCATGC in D,O buffered at pH 7 with 10 mM sodium
cacodylate and 1 mM Na,EDTA and containing 1 M NaCl
or 10 mM MgCl, or no added salt were studied at 30 °C. No
relaxation signals were observed. Thus, the relaxations ob-
served in H,O solutions are due to the temperature pertur-
bation.

RESULTS

CD Spectra. CD spectra for the duplex and single-strand
forms of AGCATGC at 0 and 70 °C, respectively, are shown
in Figure 3 for several different salt conditions. Similar spectra
are observed for all the salt conditions studied. Evidently, the
conformations of both duplex and single strand are relatively
insensitive to salt.

NMR Spectra. NMR spectra of nonexchangeable base
protons of dGCATGC in 1.0 M NaCl at 23 and 87 °C are
shown in Figure 4. The spectrum at 23 °C is similar to that
described by Nilges et al. (1987), and their peak assignments
have been adopted. Plots of chemical shift vs temperature for
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Table I: Melting Temperatures (+2 °C) Derived from dGCATGC 'H NMR Melting Curves

proton
1G8 2C5 2C6 3A2 3A8 4T6 5G8 6CS 6Cé6
Ar(23 °C) 7.98 5.45 7.50 7.74 8.38 7.13 7.87 531 7.40
Ty (°C) 45.7 51.2 54.7 50.1 49.5 51.0 (58.6) (54.7) 53.5

Table II: Thermodynamic Parameters for Duplex Formation by dGCATGC?

Ty vs log Cyp

av from fits

[Nat] [Mg?*] -AH® -AS° -AG®y, Ty (°C) -AH° -AS° ~AG®y, Ty (°C)
M) (mM) (kcal/mol) (eu) (kcal/mol) (1 X 10* M) (kcal/mol) (eu) (kcal/mol) (1x10*M)
0.012 0 31.5 88.1 4.21 232 42.3 125 3.50 21.8
0.042 0 443 128 4,52 29.2 432 125 4.58 29.3
0.150 0 47.5 136 5.44 35.5 48.6 139 5.47 35.7
1.00 0 42.4 118 5.85 38.3 46.5 131 5.88 384
0.012 2 45.5 131 4.86 31.6 47.2 137 4.81 31.1
0.012 10 452 128 5.48 357 435 122 5.57 36.3
0.150 10 40.8 113 5.71 37.3 43.3 137 5.69 37.1

9Errors in AH® and AS® are estimated as £5%, except for 0.012 M Na* in the absence of Mg?*, where errors are estimated as £10%. Additional

significant figures are given to ensure accurate calculation of Ty.

87°C

i
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FIGURE 4: NMR spectra of 6.63 X 10* M dGCATGC in D,0 with
1 M NaCl, 0.01 M sodium cacodylate, and 0.001 M EDTA, pH 7,
at 23 (bottom) and 87 °C (top).

23°C

the resonances are shown in Figure 5. Melting temperatures
determined from these data are listed in Table I. Resonances
for the 6CS and 5G8 protons have sharply sloping base lines,
making it difficult to accurately determine Ty’s (in par-
entheses). The Ty’s for the other resonances range from 46
to 55 °C with an average of 51 °C. The results are consistent
with a two-state melting transition.

Melting Temperature as a Function of Salt. The melting
temperature, Ty, as a function of Na* concentration is linear
for [Na*] £ 0.15 M (see Table II and supplementary mate-
rial); the slopes, dTy/d log [Na*], are slightly dependent on
concentration, 15 and 11 °C, respectively, for 5 X 107 and
1 X 107* M dGCATGC. This may reflect the difficulty of
determining Tyy's below 20 °C for 5 X 10° M dGCATGC.
Melting temperatures were also measured as a function of
added Mg?* for 0.012, 0.15, and 1.0 M Na*. The results are
plotted in Figure 6. A linear relationship exists between Ty
and log [Mg?*] below 0.03 M Mg?*. The slopes of these lines
decrease with increasing Na* ion concentration, but are in-
dependent of oligomer concentration. In 1.0 M Na*, the slope
is negative, indicating a destabilizing effect of added Mg?*.

The data in Figure 6 also illustrate the effects of Na*
concentration on Ty when [Mg?*] is held constant. In the
presence of less than 10 mM Mg?*, added Na* increases Ty,
but at a slower rate than in the absence of Mg?*. Above 10
mM Mg?*, added Na* either has little effect or decreases Ty.

Thermodynamics. Plots of Ty~! vs log Cr are shown in
Figure 7 for 0.012, 0.042, 0.15, and 1.00 M Na*. Thermo-
dynamic parameters derived from such plots and from averages
of individual melting curves are summarized in Table II. The

4]
8.5

8.0

Chemical Shift (ppm)

5.57

5.0 ; .
0 20 40 60 80

Temperature (Celsius)

FIGURE 5: NMR chemical shifts vs temperature for 6.63 X 104 M
dGCATGC in D,0 with 1 M NaCl, 0.01 M sodium cacodylate, and
0.001 M EDTA, pH 7. Assigned protons: (a) 1G8 (@), 2C6 (m),
3A2 (a), 3A8 (0), 4T6 (+), 5G8 (a), 6C6 (O); (b) 2C5 (0), 6C5
(a).
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FIGURE 6: Melting temperature, Ty, vs log [Mg?*] for 1 X 10~ M
dGCA”l;GC in the presence of 0.012 M (&), 0.15M (®),and 1.0 M
(m) Na*.

AH®° and AS° of —42.3 kcal/mol and ~118 eu, respectively,
measured in 1 M Na™ are close to the values of —42.4 kcal /mol
and ~121 eu predicted by the nearest-neighbor parameters of
Breslauer et al. (1986). Thus, dGCATGC has thermodynamic
properties expected for B-form DNA.

Kinetics. Relaxation spectra exhibit a single relaxation time
longer than 5 us corresponding to duplex formation:

k
2dGCATGC ;» (dGCATGC), (1)
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Table III: Kinetic Parameters for Duplex Formation by dGCATGC*

Tn ' vs log Cp av from fits
[Na+] [MgZ"‘] kl X 107t k—l X 1072 EA,l EA,-l kl X 107 k-l X 1072 EA,l EA,-l
(M) (mM) temp (°C) (s*' M) s (kcal/mol)  (kcal/mol) (s M™) ) (kcal/mol)  (kcal/mol)
0.012 0 20.8 0.33 0.22 15 47 0.31 0.24 10 52
26.0 0.70 1.2 0.54 1.5
31.1 0.98 3.9 0.65 5.9
33.9 0.99 6.5 0.61 10
0.042 0 31.1 1.6 2.1 1.5 2.3
0.150 0 31.1 7.9 2.6 7.3 24
1.00 0 31.1 9.9 2.2 -5 40 11 1.9 -6 41
39.4 8.3 14 9.4 12
45.0 6.7 39 7.4 35
0.012 2 329 2.6 3.7 2.6 3.8
0.012 10 31.1 7.3 2.4 -3 43 7.7 2.3 -2 42
329 7.4 38 78 3.6
394 7.0 17 7.6 15
45.0 6.0 5.2 6.7 4.7
0.150 10 311 9.8 2.6 11 2.3
9Errors in k; and k_, are estimated as £15%.
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FIGURE 7: Plots of 1/T vs log Cr for dGCATGC in varying con-
centrations of Na*: 0.012 M Na* (a); 0.042 M Na* (#);0.15 M
Na* (@); 1.00 M Na* (D).

The concentration dependence for the relaxation times, , for
such a reaction is given by

1= 8k1k_1CT + k_lz (2)

Plots of 72 vs Cy at 31.1 °C for a range of sodium concen-
trations are shown in Figure 8. Because the intercepts of these
plots are small, k, and k_, were determined from slopes of the
plots and thermodynamic equilibrium constants: k; =
(slope-K,,/8)"/2 and k_, = k;/K,,. Table III lists rate constants
calculated by using equilibrium constants derived from plots
of Ty vs log Cr and from fits of melting curves.
Arrhenius plots for 0.012 M Na*, 0.012 M Na* with 0.01
M Mg?*, and 1.0 M Na* are shown in Figure 9. Activation
energies derived from these plots are listed in Table III.

DisCussION

The CD and NMR results on dGCATGC indicate it is a
suitable system for studying salt effects on duplex formation
by oligonucleotides. CD spectra for both single and double
strands are relatively insensitive to salt conditions. Thus,

FIGURE 8: Square of the reciprocal relaxation time, 72, vs Cy for
dGCATGC at 31.1 °C: 0.012 M Na* (a); 0.042 M Na* (#);0.015
M Na* (@); 1.00 M Na* (O).

results are not complicated by additional salt-induced con-
formational changes. The NMR results indicate the confor-
mation in 1 M NaCl is similar to that determined previously
by Nilges et al. (1987) in 0.5 M KCI. This conformation
belongs to the B-form family. The NMR melting results
indicate the transition from duplex to single strands in 1 M
NacCl is essentially a two-state transition. This also simplifies
interpretation of both thermodynamic and kinetic results.
The Dependence of the Melting Temperature of dAGCATGC
on [Na*] Is Similar to That Expected for a Polymer. From
0.01 to 0.15 M Na*, d(Ty)/d log [Na*] for 1 X 10* M
dGCATGC is 11 °C. An even larger d(Ty)/d log [Na*] is
observed at lower oligomer concentrations, indicating the effect
is not due to aggregation. Previous studies on dGCGCGC also
showed aggregation only occurs at higher Na* and oligomer
concentrations (Freier et al., 1983). The strong dependence
of Ty on [Na?*] is similar to that observed with polymers of
the same base composition. Owen et al. (1969) measured Ty’s
of naturally occurring DNA’s between 0.005 and 0.3 M Na*,
Frank-Kamenetskii (1971) fit these data to an equation that
gives d(Ty)/d log [Na*] = 18.30 — 7.04Fgc. Here Fge is the
fractional GC content. A similar equation appropriate at 0.14
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FIGURE 9: Plots of logarithm of the rate constants, In &, vs reciprocal
temperature for dGCATGC. Solid and open symbols are for forward
(k,) and reverse (k_,) rates, respectively. Salt conditions: 0.012 M
Na* (A, A); 1.00 M Na* (O, m); 0.012 M Na*, 0.01 M Mg?* (O,
o).

M Nat, d(Ty)/d log [Na*] = 19.96 — 6.65F ¢, was obtained
by Blake and Haydock (1979) from studies of subtransitions
in the melting of A DNA. For a polymer with two-thirds GC
content, these equations predict d(Ty)/d log [Na*] = 13.6
and 15.5 °C, respectively. Thus, it appears the melting of
polymers and dGCATGC have similar sensitivity to [Na™]
in the absence of Mg?*.

Fewer directly comparable data are available on the salt
dependence of polymer Ty's in the presence of Mg?*. In the
presence of 0.01 M Na®, the data of Blagoi et al. (1978) on
naturally occurring DNA with about 41% GC content give
d(Tyw)/d log [Mg?**] = 10.2 and 2.9 °C for [Mg?*] below and
above 10 M, respectively. The data of Krakauer (1974) on
poly(A)-poly(U) in 0.0475 M Na™ give d(Ty)/d log [Mg?*]
= 12 °C. For dGCATGC in 0.012 M Na*, d(Ty)/d log
[Mg**] = 6.9 °C up to 0.1 M Mg?**. Evidently, for
dGCATGC the plot of Ty vs log [Mg?*] maintains a constant
slope to higher [Mg?*] than that for polymeric DNA. Oth-
erwise, the melting of polymers and that of dGCATGC have
similar sensitivity to [Mg?*] in the presence of Na*.

The sensitivity of Ty to [Na*] in the presence of Mg?* is
somewhat different for dGCATGC and polymeric DNA. For
polymeric DNA, increasing [Na*] decreases Ty after the
concentration of Mg?* exceeds half the concentration of DNA
phosphate (Record, 1975). For dGCATGC, increasing [Na™*]
decreases Ty only after [Mg?*] ~ 0.1 M. This is far in excess
of the [Mg?*] required to neutralize dGCATGC phosphates.

Although there are some differences, the similarities of the
salt dependence for hexamer and polymer melting are sur-
prising. Record and Lohman (1978) derived a theory for
electrostatic end effects and calibrated it with the hairpin
melting data of Elson et al. (1970). For duplex formation by
single strands in the absence of Mg?*, they tentatively predict
{d(Ty)/d log [Nat]ly = {d(Ty)/d log [Nat]}.(1-7.94/N),
where /N is the number of phosphates in the oligomer duplex.
The prediction is that d(Ty)/d log [Na*] for a hexamer duplex
with 10 phosphates should be only one-fifth that observed for
the polymer. Instead, it appears to be closer to 1.

The basis for the similarities between oligomer and polymer
cannot be determined yet. The salt dependence of polymer
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melting is described well by counterion condensation and
Poisson—Boltzmann theories that predict high local concen-
trations of counterions around the polymer (Manning, 1978;
Record et al., 1978). A key parameter of these theories is the
polymer charge density. The NMR results of Nilges et al.
(1987) indicate the phosphate spacing in dGCATGC duplex
is similar to that in B-form DNA polymers. It would be
surprising, however, if electrostatic interactions of a duplex
of 10 phosphates were almost identical with those of a polymer.
In particular, the condensation effect is expected to be reduced
considerably (Record & Lohman, 1978).

One difference between oligomers and polymers that may
be important is the phosphate spacing in the single strands.
Blake and Haydock (1979) suggest strong stacking in single
strands with high GC content may result in a higher charge
density than for single strands with high AT content. This
would lead to less release of Nat on melting and may account
for the smaller d(7Ty)/d log [Na*] observed for GC-rich re-
gions in DNA. If stacking in dGCATGC single strands is less
than in the polymer, then the reduced charge density in the
single strand would lead to more Na* being released on duplex
melting of the dGCATGC oligomer. This could partially
compensate for reduced counterion condensation around the
duplex. Single-strand effects could also rationalize the low
value of d(T)/d log [Na*] predicted by Record and Lohman
(1978). Their calibration was based on hairpin formation by
oligonucleotides with chain lengths from 18 to 44. Thus, the
single strands probably behaved like polymers, whereas
dGCATGC single strands may not. Of course, there may be
other important differences between oligomers and polymers.
Clearly, additional theoretical work is required.

Thermodynamics of Duplex Formation. For six of the
seven salt conditions where AH®’s and AS®’s were determined
from shapes of melting curves and from Ty vs log Cr plots,
the two methods agreed within 15%. This suggests duplex
formation under these conditions is a two-state process {Al-
bergo et al., 1981; Petersheim & Turner, 1983; Freier et al.,
1986; Turner et al., 1988). The exception is 0.012 M Na*,
where the difference is 25%. This may suggest unusual melting
behavior at 0.012 M Na*. The melting temperatures at 0.012
M Na*, however, are low, ranging from 6 to 31 °C. This
makes it difficult to fit melting curves with certainty. Thus,
the different parameters may only reflect the difficulty of the
measurement. Fortunately, compensation between AH® and
AS° results in less variation in derived AG®’s, For 0.012 M
Na®*, AG®’s at 31 °C determined from curve shapes and T,
plots differ by 9%.

The thermodynamic parameters for 0.012, 0.042, and 0.15
M Na® can be used to calculate the number of Na* ions
released upon duplex dissociation (Record et al., 1981):

d(AG®) /d log [Na*] = ~4.6RT(¥, - ¥)  (3)

Here ¥, and ¥, are the number of counterions thermody-
namically bound per strand to the helix and coil, respectively.
From the results in Table I, ¥, — ¥, = 0.4 at 37 °C, giving
0.08 Na* jon released/phosphate. This is similar to the av-
erage of 0.09 derived for five GC-rich RNA pentanucleotides
by using data at 0.01 and 1 M Na* (Freier et al., 1984). It
is also similar to the 0.096 Na* ion released/phosphate
measured for AGGAATTCC (Erie et al., 1987). It is some-
what lower than the value of 0.12 Na™ ion released/phosphate
derived by Blake and Haydock (1979) for a A DNA sub-
transition with 59% GC content. The results again suggest
oligomers behave more like polymers than might be expected.

Thermodynamic Parameters Measured in 1 M NaCl Are
Similar to Those Measured in 1073107 M Mg** in the
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FIGURE 10: Schematic of the Wetmur-Davidson model of duplex
formation.

Presence of 0.15-1 M Na*. Experiments on nucleic acids are
carried out under a wide range of salt conditions. Thermo-
dynamic parameters derived from studies of oligo- and poly-
nucleotides are often used to interpret experiments where helix
formation is thought to be important. Traditionally, these
parameters are measured in | M NaCl, and there is little or
no evidence concerning applicability under other salt conditions
(Tinoco et al., 1973; Breslauer et al., 1986; Freier et al., 1986;
Turner et al., 1988). The results in Figure 6 and Table II
suggest thermodynamic parameters measured for fully paired
duplexes in 1 M NaCl provide reasonable approximations for
solutions containing 107-10"! M Mg?* in the presence of
0.15-1 M Na*. For example, the Ty’s for 10# M dGCATGC
in 1 M Na* and in 0.15 M Na* and 10> M Mg?* are 38 and
36 °C, respectively. Similar differences are observed over the
entire indicated range of salt concentrations. Furthermore,
except for 0.012 M Na*, all measured AH®’s are within 10%
of the average AH® of —45 kcal/mol.

Kinetics of Duplex Formation. Wetmur and Davidson
(1968) proposed the mechanism shown in Figure 10 for duplex
formation by DNA polymers. The first step in this mechanism
is alignment of short stretches of polymer strands to form a
nonbonded complex. This is followed by initial base pair
formation and then formation of adjacent base pairs until a
stable nucleus is present. After formation of the nucleus,
subsequent forward rates for addition of adjacent base pairs
are faster than reverse rates for breakage of base pairs. Thus,
the helix “zips up” from the nucleus. The rate-determining
step is formation of the nucleus. A similar mechanism was
proposed by Porschke and Eigen (1971) and by Craig et al.
(1971) for duplex formation by oligomers, except the initial
alignment step was not considered. The forward rate for this
mechanism is given by (Pdrschke & Eigen, 1971)

ky = KoKy..Ky 1Ky 4

Here K, K, etc. are equilibrium constants for steps prior to
nucleus formation, and k,_, , is the elementary rate for for-
mation of the nucleus containing n base pairs.

Activation energies for k; can provide insight into the
number of base pairs required for nucleation (Porschke &
Eigen, 1971; Craig et al., 1971; Porschke et al., 1973). For
the mechanism shown in Figure 10, the activation energy is
given by Ey = AH®, | + E, ,—.,, Here AH®,, is the enthalpy
change between single strands and the n — 1 intermediate;
Ea n1-n is the activation energy for the elementary rate be-
tween intermediates #n — 1 and n. For dGCATGC in 1 M Na*
and in 0.012 M Na* and 0.01 M Mg?", the activation energies
are about -5 and -3 kcal/mol, respectively. This suggests 3
= | base pairs are required for nucleation. Formation of the
intermediate with two base pairs is expected to be associated
with a AH® of about ~10 kcal/mol (Breslauer et al., 1986).
If E5 i~y is about 5 kcal/mol, then E, would be about -5
kcal /mol for formation of the third base pair. A value around
5 kcal/mol is reasonable for E , -, since similar activation
energies have been measured for stacking in single-stranded
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polynucleotides (Dewey & Turner, 1979; Freier et al., 1981).

The rate-determining step in 0.012 M Na™ is less certain.
Here, E, is either 10 or 15 kcal/mol, depending on whether
thermodynamic parameters from curve fits or Ty plots are
used in the data analysis. The positive E, suggests 2 & 1 base
pairs are rate determining in 0.012 M Na™*. This is based on
the assumption that AH® for formation of the first base pair
is about 0 kcal/mol. The conclusion is tentative, however.
First, the thermodynamic parameters are uncertain. Second,
there may be other differences in mechanism between low and
high salt. For example, counterion condensation or hairpin
formation may be important at low salt, only. A similar
change from positive to negative activation energy has been
observed for A,U; between 0.25 and 1 M Na* (Craig et al.
1971; Breslauer & Bina-Stein, 1977). The results suggest the
mechanism for oligomer association changes between low and
high salt concentration.

The Dependence of the Association Rate for dAGCATGC
on [Na*] Is Very Different from That Observed for Polymers.
A plot of log k; vs log [Na*] for duplex formation by
dGCATGC is linear between 0.012 and 0.15 M Na™, with a
slope of 0.8 (see supplementary material). A similar plot for
A,GCU, between 0.05 and 1.05 M Na™ gave a slope of 0.6
(Pdrschke et al.,, 1973). Duplex formation by T7 DNA
(Studier, 1969) and poly(A)-poly(U) (Ross & Sturtevant,
1960) at somewhat lower [Na*) gives slopes of about 3.6
(Manning, 1976). Thus, the rate of duplex formation by
polymers goes as the 3.6 power of [Na*], whereas the rates
for dGCATGC and A,GCU, go as less than the first power
of [Na*].

Given the similar behavior of d(Ty)/d log [Na*] for
dGCATGC and polymers, it is initially surprising that the
sensitivity of association rate to Na* is so different for the two.
This dichotomy is expected, however, if the counterion con-
densation model of Manning (1976, 1978) has relevance for
oligomers. Manning has applied polyelectrolyte theory to the
mechanism shown in Figure 10 and derives the following
equation for the association rate:

k, = B(T:Tay)vna"/{[Na*]2/% 5)

Here 8 is a proportionality constant, yy,* is the activity
coefficient for Na*, @ is the number of phosphate groups lined
up in the initial nonbonded complex, and £ is a dimensionless
charge-density parameter equal to e2/ekTh (where e is the
charge on a proton, ¢ is the bulk solvent dielectric constant,
k is Boltzmann’s constant, and b is the average distance be-
tween the projections of nearest-neighbor charged groups onto
the axis of the single-strand chain). From the data of Studier
(1969) and Ross and Sturtevant (1960), Manning (1976)
derives a value of about 15 nucleotides for Q. That is, 15
nucleotides in each strand are aligned, allowing counterion
condensation, before the first base pair is formed. If the
mechanism for duplex formation by dGCATGC is the same,
then the maximum value possible for Q is 5. Thus, the model
predicts that k, for dGCATGC will depend on [Na*] to a
power of 3.6(5/15) = 1.2 or less. The measured power of 0.8
is consistent with this prediction.

The dependence of &, on salt conditions can also be com-
pared with results expected when ionic strength effects are due
solely to Debye—~Huckel screening. In this case, the predicted
dependence of rate on ionic strength, 7, is given by (Weston
& Schwarz, 1972; Laidler & Meiser, 1982) log k& = log ky +
1.02z4z5VI. Here z, and zp are the charges on the associating
ions. This equation has been shown to agree with experiment
for many associations of ions. For dGCATGC between 0.012
and 0.15 M Na™, a plot of log &, vs /I has a slope of 3.3
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M-1/2, This corresponds to an effective charge of —1.8 per
strand. This is less than the formal charge of -5 per strand
or the effective charge expected for counterion condensation
around the oligomer single strands. Moreover, this model
predicts k; should depend only on ionic strength. Thus, &,
should be the same for 0.042 M Na* and 0.012 M Na* and
0.01 M Mg?*. The k,’s measured at 31 °C for these two
conditions differ by more than a factor of 4.

The Rate for Duplex Dissociation Is Relatively Insensitive
to Salt Conditions. Whereas the rate for association at 31
°C changes by more than a factor of 10 over the range of salt
conditions in this study, the rate for duplex dissociation changes
by only about a factor of 3. The fastest k_; is observed with
0.012 M Na®* and must be treated with caution due to un-
certainties in the thermodynamics and mechanism at 0.012
M Na®*. For the other conditions, k_; at 31 °C is almost
invariant to salt within experimental error. This is consistent
with previous observations on A,GCU, (Porschke et al., 1973)
and with the mechanism in Figure 10 as treated by Manning
(1976). In this Manning model, all the counterion conden-
sation occurs in the initial association to form the nonbonded
complex. The rate of dissociation, however, depends on the
concentration of species containing only the number of base
pairs in the nucleus. In Manning’s model, breaking of base
pairs to form the nucleus in an oligomer will not be associated
with loss of counterions. Moreover, the local concentration
of counterions around the duplex is expected to be largely
independent of the concentration of counterions in the bulk
solution. Thus, the relative independence of dissociation rate
with salt conditions is consistent with the Manning model.

Conclusion. The salt dependences of the thermodynamic
properties of dGCATGC are surprisingly like those of poly-
mers, but the kinetic properties are quite different. Both
observations are consistent with expectations from a counterion
condensation model for salt effects. The similarity of ther-
modynamic behavior suggests AGCATGC single strands have
a lower charge density than the corresponding polymer and/or
end effects are relatively small. The kinetic behavior is con-
sistent with the Wetmur-Davidson-Manning model in which
single strands line up to form a nonbonded intermediate that
leads to counterion condensation (Wetmur & Davidson, 1968;
Manning, 1976). The agreement with expectations from the
counterion condensation model is surprising. It seems unlikely
that a duplex with 10 phosphates will behave like a polymer.
Perhaps other changes on going from polymer to oligomer
compensate for reduced counterion condensation. The results
also indicate thermodynamic and kinetic parameters measured
for fully paired duplexes at 1 M NaCl are a reasonable ap-
proximation for a wide range of combinations of Na* and
Mg?* concentrations.

SUPPLEMENTARY MATERIAL AVAILABLE

Plots of Ty vs log {Na*] for 5 X 10 and 1 X 10* M
dGCATGC and of log k; vs log [Na*] (2 pages). Ordering
information is given on any current masthead page.

Registry No. dGCATGC, 74525-71-6; Na, 7440-23-5; Mg,
7439-95-4.
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Secretagogue-Induced Diacylglycerol Accumulation in Isolated Pancreatic Islets.
Mass Spectrometric Characterization of the Fatty Acyl Content Indicates Multiple

Mechanisms of Generation®

Bryan A. Wolf, Richard A. Easom, Jonathan H. Hughes, Michael L. McDaniel, and John Turk*

Division of Laboratory Medicine, Departments of Medicine and Pathology, Washington University School of Medicine,

St. Louis, Missouri 63110
Received December 9, 1988; Revised Manuscript Received February 7, 1989

ABSTRACT: Diacylglycerol accumulation has been examined in secretagogue-stimulated pancreatic islets
with a newly developed negative ion chemical ionization mass spectrometric method. The muscarinic agonist
carbachol induces islet accumulation of diacylglycerol rich in arachidonate and stearate, and a parallel
accumulation of *H-labeled diacylglycerol occurs in carbachol-stimulated islets that had been prelabeled
with [*H]glycerol. Islets so labeled do not accumulate 3H-labeled diacylglycerol in response to D-glucose,
but D-glucose does induce islet accumulation of diacylglycerol by mass. This material is rich in palmitate
and oleate and contains much smaller amounts of arachidonate. Neither secretagogue influences tri-
acylglycerol labeling, and neither induces release of [*H]choline or [*H]phosphocholine from islets prelabeled
with [*H]choline. These observations indicate that the diacylglycerol that accumulates in islets in response
to carbachol arises from hydrolysis of glycerolipids, probably including phosphoinositides. The bulk of the
diacylglycerol which accumulates in response to glucose does not arise from glycerolipid hydrolysis and must
therefore reflect de novo synthesis. The endogenous diacylglycerol which accumulates in secretagogue-
stimulated islets may participate in insulin secretion because exogenous diacylglycerol induces insulin secretion
from islets, and an inhibitor of diacylglycerol metabolism to phosphatidic acid augments glucose-induced

insulin secretion.

’Ee biochemical events which regulate insulin secretion from
the B cells of pancreatic islets are at present incompletely
understood. Two general classes of insulin secretagogues are
recognized (Wollheim & Sharp, 1981; Prentki & Matschinsky,
1987). One class induces secretion by interaction with S-cell
plasma membrane receptors. Muscarinic agonists including
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acetylcholine and carbachol are examples of insulin secreta-
gogues from this class. A second class of insulin secretagogues
is metabolized by glycolytic and/or tricarboxylic acid pathways
in islets and may induce secretion by virtue of their utilization
as fuels (Malaisse et al., 1979; Hedeskov, 1980; Ashcroft, 1980;
Meglasson & Matschinsky, 1986). D-Glucose is an example
of such a fuel secretagogue and is the predominant physiologic
regulator of insulin secretion. Elucidation of the biochemical
mechanisms underlying glucose-induced insulin secretion re-
mains an important objective because there is a relatively
selective impairment in glucose-induced insulin secretion in
the disease type II diabetes mellitus despite nearly normal
insulin secretory responses to some other secretagogues
(Pfeiffer et al., 1981).
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