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Binding Kinetics of Mercury( 11) to Polyribonucleotides? 

Myra Nicol Williams$ and Donald M. Crothers* 

ABSTRACT: Kinetic studies of the interaction of Hg(I1) 
with polyribonucleotides have been used to investigate 
structural fluctuations of the bases in nucleic acids. The 
reaction of Hg(I1) with poly(A) - poly(U) occurs in two 
phases which differ in time scale by a factor of about 100. 
The slow phase is first order and exhibits cooperativity or 
autocatalytic kinetics. The rate is found to increase as de- 
creasing chain length of poly(U) is used to make the double 
helical complex. The reaction appears to initiate a t  the ends 
of poly(U) strands and may be associated with a molecular 
rearrangement which results in strand separation with 
Hg(I1) being linked only to uridine. The fast reaction phase 
is second order and shows little cooperative behavior. Pro- 
tons are released a t  this stage indicating alteration of the 

T h e  study of the interaction of metal ions with polynu- 
cleotides provides structural and biological information 
about the macromolecules. The effects of metals are di- 
verse. Some stabilize the secondary and tertiary macromo- 
lecular structure (Shack et al., 1953) while others destabil- 
ize it (Eichhorn, 1962). Others cause decomposition of the 
primary structure (Barmann et al., 1954). Most metals, 
such as magnesium(II), manganese(II), and calcium(II), 
react with the negatively charged phosphoryl groups of po- 
lynucleotides (Shack and Bynum, 1959); but copper(I1) 
(Eichhorn and Clark, 1966), silver(1) (Yamane and David- 
son, 1962a), and mercury(I1) (Yamane and Davidson, 
1961) interact to some extent with the nitrogen bases. Mer- 
cury(I1) provides a better model of base interaction than 
the other metals since it forms only two complexes, with the 
first being saturated before the second is initiated (Yamane 
and Davidson, 1961; Thomas, 1954). ‘The results with mer- 
cury may thus be helpful in further elucidating the mecha- 
nism of interaction of other metals with the bases. 

The study of mercury(I1) binding to polynucleotides was 
initiated by Katz when he observed a drastic decrease in the 
viscosity of DNA when complexed by mercury(I1) (Katz, 
1952). The reaction has been found to be completely revers- 
ible by a variety of techniques (Katz, 1952; Yamane and 
Davidson, 1961; Thomas, 1954; Pour-El, 1960) when an ex- 
cess of a sufficiently strong mercury complexing agent is 
added. It has been studied spectrally with a large selection 
of DNAs and RNAs as well as with natural and synthetic 
polynucleotides, the latter being of particular interest in the 
work reported here. 
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double helix. The measured second-order rate constant is 
nearly three orders of magnitude smaller than that found 
for poly(U) alone. This rate difference suggests that the re- 
active sites are blocked by double helix formation, and be- 
come available for reaction with Hg(I1) only through a 
structural fluctuation. The ratio of rate constants for the 
reaction of Hg(I1) with poly(U) and poly(A) poly(U) was 
used to place an upper limit on the equilibrium constant for 
the structural fluctuation of 2 X a t  15’ and 0.5 M 
NaC104. The heat of the “breathing” reaction can be esti- 
mated to be -9 kcal/mol from comparison of the tempera- 
ture coefficient of the reaction with poly(U) to that with 
POlY(A) * POlY(U). 

All existing evidence indicates that, a t  the pH’s used in 
the present study, mercury(I1) binds to the purine and py- 
rimidine bases of polynucleotides rather than to the phos- 
phates (Yamane and Davidson, 1961), with N3 of thymine 
or uridine being the site with highest affinity for mercury 
(Simpson, 1964; Ferreira et al., 1961; Eichhorn and Clark, 
1963; Mansy et al., 1974; Kosturko et al., 1974). In double- 
stranded polynucleotides, the final binding site is thought to 
be the H-bond position, bridging the two strands (Yamane 
and Davidson, 1961, 1962b; Gruenwedel and Davidson, 
1967, 1968). However, the binding of mercury(I1) to 
poly(A) - poly(U) may result in chain separation (Kawade, 
1963). 

If mercury reacts with N3 of uridine, the rate of the reac- 
tion may be limited by a structural fluctuation of the poly- 
nucleotide which exposes the H-bonding nitrogen. Such a 
“breathing reaction” has been suggested as being required 
in the biological role of DNA for recognition of its base- 
pairing characteristics. There is evidence from the study of 
the intercalation of dyes (Lerman, 1961; Li and Crothers, 
1969) and tritium exchange of the hydrogen bonded pro- 
tons (Von Hippel and Printz, 1965) that structural alter- 
ations do occur. In the present study, the kinetics of the 
binding of mercury have been used to estimate the equilibri- 
um constant and the heat of the “breathing reaction”. 

Materials and Methods 
Poly(U) was purchased from Sigma Chemical Co. and 

poly(A) from Schwartz Biochemicals. Oligo(U) of estimat- 
ed chain length 15-20 was obtained from pooled fractions 
of a TEAE-cellulose fractionation of a partial alkaline hy- 
drolysis of poly(U). All solutions were first dialyzed against 
0.5 M sodium perchlorate plus ethylenedinitrilotetraacetate 
and then dialyzed exhaustively into the appropriate buffer. 
The concentrations of the polynucleotides were calculated 
using the, following extinction coefficients a t  neutral pH: 
poly(A), 9.5 X lo3 M-’ cm-’, a t  261 nm (Krakauer, 
1968), poly(U), 10.4 X lo3 M-’ cm-I a t  257 nm (Kra- 
kauer, 1968), and poly(A) - poly(U) 6.3 X lo3 M-’ cm-’ 
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a t  257 nm (Yamane and Davidson, 1962). All other chemi- 
cals were reagent grade. A Beckman Model DU-2 spectro- 
photometer and a Cary 14 were used for ultraviolet absorb- 
ance measurements. 

Preparation of Double-Stranded Polyribonucleotides. 
Equimolar solutions of poly(A) and poly(U) (or oligo(U)) 
were combined, heated in an 80’ water bath for 2 min, and 
allowed to anneal slowly at room temperature. The melting 
curve as monitored at  280 and 260 nm verified that the 
complex formed was poly(A) poly(U) and not poly(A) - 
2poly(U) under these conditions (Stevens and Felsenfeld, 
1964). The optical density of the solution was always re- 
corded before and after any alteration of pH since a change 
in absorbance would imply a structural change. 

Equilibrium Binding of Mercury(Ii) by Polyribonucleo- 
tides. The reaction of Hg(I1) with poly(A) - poly(U) may 
be described as follows 

poly(A) poly(U) + HgX2 s 
poly(A) * poly(U)-Hg(II) + nH+ + 2X- 

where “n” is the number of protons released per mole of 
mercury bound to 1 mol of polyribonucleotide phosphate 
and “X-” is the leaving ligand. Previously, Yamane and 
Davidson reported that their spectral results, viscosity stud- 
ies, and proton release determinations were independent of 
the leaving ligand, suggesting that the complexing species 
with DNA is Hg2+ and not HgX+ (Yamane and Davidson, 
1961). 

Since the binding of mercury is accompanied by a spec- 
tral shift of the absorbance of the polyribonucleotide, the 
magnitude of which is a function of the degree of mercura- 
tion (Yamane and Davidson, 1962; Kawade, 1963), ultravi- 
olet absorption may be used for studying the formation of 
the complex. 

The experiments were conducted on the DU-2 spectro- 
photometer at  room temperature with A1 290 nm and A2 

260 nrn. The solutions were prepared in 0.5 M NaC104 (pH 
5.6) and 0.5 M NaC104-0.01 M phosphate buffer (pH 
7.0); 2 rnl of the polyribonucleotide solutions was placed in 
a quartz cuvet containing a small Teflon stirring bar. Mer- 
curic acetate, 2.50 X M in H20, was added in microli- 
ter quantities with each addition being sufficient to change 
‘‘rb”, the ratio of moles Hg(I1) bound per mole of polyri- 
bonucleotide, by 0.01-0.02. Since the binding is very tight, 
essentally all mercury added is bound in solution of low 
chloride content. During each addition, a magnetic stirrer 
was used to ensure complete mixing. The optical density 
was recorded for 0 < rb < 0.5. The reaction was reversed by 
the addition of 0.5-20.0-~1 quantities of 1 M NaCl and the 
solutions were permitted to stand until no further changes 
of absorbance occurred. 

The following expression describes “rb” as a function of 
chloride concentration: 

where the subscript “T” indicates the total concentration in 
solution, and [H~T,c I ]  represents the total concentration of 

mercury bound to chloride. The last two terms in the nu- 
merator may be neglected at  the pH’s and chloride concen- 
trations in these studies when Partridge’s values for 
KHgcioH and KHg(0H)z are used (Partridge et al., 1965). 

The concentration of free mercuric ion is given by: 

[Hg2+I = [HgT,cJ/(1 + Pt[Cl-I + &[cl-Iz + 
a[c1-33 + p,[c1-14) 

HgC142- are (31 = lO6.’4, @2 = 10’3.22, P3 = 10’4.17 7 P4 = 
where formation constants for HgCI+, HgC12, HgC13-, and 

1 015.22, respectively (Sillen and Martell, 1964). 
Thus, rb = (HgT - Hg~,~~)/[polynucleot ide]~.  and 

Hg2+ = HgT,cl/(l + &[cl-] + &[cl-]2 
a[c1-13 + p,[c1-]4, 

The binding isotherm of mercury(I1) interaction with the 
polyribonucleotide may be displayed in a plot of “rb” vs. the 
negative logarithm of free mercury in solution. 

Stopped-Flow Experiments, The rate of reaction of mer- 
curic chloride with polyribonucleotide was followed on a 
stopped-flow apparatus designed by Sturtevant (Sturtevant, 
1964). The rate was monitored both by change of ultravio- 
let absorbance at 290 nm and by proton release using Chlo- 
rophenol Red (CPR)’ as an indicator. CPR was chosen as 
the indicator since over a period of several days it formed no 
detectable complex with poly(A) - poly(U) as monitored by 
ultraviolet and visible spectroscopy. Since the indicator is 
negatively charged, it is not expected to associate with the 
phosphate on the poly(A) - poly(U) backbone, and, as men- 
tioned above, no interaction with the bases was detected. 
Furthermore, it was presumed that CPR would complex 
only weakly, if at all, with mercury. 

Determination of Kinetic Difference Spectra. The wave- 
length dependence of the change of absorbance for the reac- 
tion of mercury with poly(A) - poly(U) was determined on 
the Cary 14 spectrophotometer. Sufficient mercuric acetate 

M )  was mixed with a solution of polyribonucleotide 
(8.5 X M, in 0.01 M phosphate buffer (pH 6.5) with 
0.25 M NaC104) for a ratio of 0.25 mol of Hg2+/mol of 
phosphate. The reaction was then monitored as a function 
of time at 25’ in the wavelength range 255-285 nm in 5-nm 
steps. The wavelength dependence was examined at pH 6.5 
so that the results would not be complicated by possible for- 
mation of the poly(A) acid double helix. 

Results 
Equilibrium Binding of Mercury(Ii) to Polynucleotides. 

The equilibrium spectral changes on binding Hg( 11) to 
poly(A), poly(U), and poly(A) - poly(U) at pH 5.6 and pH 
7.0 were found to be qualitatively the same as reported pre- 
viously (Yamane and Davidson, 1962b; Kawade, 1963). 
The binding of Hg(I1) to poly(A) is accompanied by a 
small decrease in absorbance at  260 nm and a large in- 
crease at 290 nm, while the binding of Hg(I1) to poly(U) is 
accompanied by a large decrease at  260 nm and a small in- 
crease at  290 nm. Figures 1 and 2 display very close titra- 
tion points for the binding of Hg(I1) to poly(A) - poly(U). 
The early increments for 0 I r 5 0 . 0 5  suggest mercury may 
initially seek the single-stranded regions where there is 
slight mismatch of poly(A) - poly(U). The region from 0.05 
I r 5 0.25 is accompanied by a large hyperchromism at 

I Abbreviation used is: CPR,  Chlorophenol Red 
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FIGURE 1 :  Change in absorbance of poly(A) . poly(U) (0.347 m M  n u -  
cleotide phosphate) as a function of the ratio, “r” ,  the moles of mercu- 
ry(I1) added/mole of polyribonucleotide phosphate, pH 5.6, 500 mM 
NaClOd. 
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FlGURE 2: Change in absorbance of poly(A). poly(C) (0.279 mM nu- 
cleotide phosphate) as a function of “ r ” ,  pH 7.0, 500 m M  NaC104, I O  
m M  phosphate buffer. 

260 nm in spite of the intrinsic decrease of absorption of 
both poly(A) and poly(U) upon complexing with mercury 
(Yamane and Davidson, 1962b; Kawade, 1963). Similar ul- 
traviolet spectral changes occur upon reaction of Hg(I1) 
with poly(A) . oligo(U). Kawade (1963) suggested that at 
p H  7.0 the hyperchromicity may indicate extensive break- 
down of the double helix with possible chain separation. 
The results at pH 5.6 can be interpreted in the same man- 
ner since the anticipated hyperchromism upon binding of 
Hg(I1) to poly(A) - poly(U) would be decreased by forma- 
tion of the acid double helix of poly(A) upon chain separa- 
tion (Adler et al., 1969). 

I t  is evident from the binding isotherm in Figure 3 that 
poly(A) - poly(U) has high affinity for Hg(I1). The change 
between one-third and two-thirds saturation of binding sites 
is ApHg’+ = 0.1 1 ;  thus, the reaction is cooperative. The 
binding of Hg(l1) to crab dAT is also cooperative (Nandi et 
al., 1965). 

Stopped-Flow Kinetic Studies on the Rapid Phase. (a) 

BONUCLEOTIDE. The rate of reaction of mercuric 
chloride with poly(A), poly(U), and poly(A) poly(U) was 
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FIGURE 3: Moles of mercury(I1) bound per mole of polyribonucleo- 
tide, “rb”, as a function of the negative logarithm of free mercury in 
solution. Conditions: 10 m M  phosphate buffer, 250 m M  NaC104, pH 
6.5, temperature, 2 5 O .  
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FIGURE 4: Rate of reaction of mercuric chloride with poly(b) ,  
poly(A), and poly(A). poly(U). Conditions: 500 m M  NaCIO1. ISo, 
0.05 mM indicator, pH 5.6 for poly(U) and poly(A) poly(U), and in- 
creased to pH 6.2 for poly(A) to avoid formation of the acid double 
helix. No more than 10% of the indicator reacted with H+ in a n y  ex- 
periment. (The presence of poly(A) significantly buffers the proton re- 
lease.) 

followed on the stopped-flow apparatus. The experiments 
were performed a t  15O, p H  5.6, so the results could be com- 
pared to those obtained previously with calf thymus DNA 
(Williams, 1968). In the ultraviolet range, the rapid phase 
of the reaction with poly(A) - poly(U) and poly(U) was 
found to be the same in the presence and absence of indica- 
tor, CPR, and the rate of proton release exactly corre- 
sponded to the rate of change in uv absorption. Thus, proton 
release and ultraviolet absorption could be used inter- 
changeably for following the course of the reaction. The in- 
dicator was employed for low polyribonucleotide concentra- 
tions since the color effect is greater than the ultraviolet ab- 
sorbance change. 

Typical kinetic curves for the reaction of poly(A) 
poly(U) with mercury were followed over about 30 sec from 
mixing. The logarithm of the change in absorbance was 
plotted as a function of time, and found to be linear for over 
90% of the reaction, implying apparent first-order kinetics 
with the first-order rate constant given by the slope of the 
line. As shown in Figure 4, when the rate constant was de- 
termined for a series of concentrations of polyribonucleotide 
it was found to be dependent on concentration. Thus, the 
linearity of the first-order plot is a result of “apparent” 
first-order kinetics, even though the concentration of polyri- 
bonucleotide phosphate was only four times that of mercu- 
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FIGURE 5:  Dependence of the apparent first-order rate constant on 
ratio of moles of mercury added per mole of poly(A) e poly(U). Condi- 
tions: [poly(A). poly(U)] = 0.1 mM. temperature, 15', 500 mM 
NaC104, 0.05 mM indicator, pH 5.6. 

ry. The rate constant determined in this manner will be re- 
ferred to throughout the present study as "k,," where 

k, = kZndorderC 

and "c" is the concentration of the polyribonucleotide in 
moles of phosphate. The relative rates of reaction were 
poly(U) > poly(A) > poly(A) poly(U) with second-order 
rate constants of 1.4 X lo6, 1.2 X lo5, and 2.7 X lo3 M-' 
sec-I, respectively. The second-order rate for poly(U) was 
determined from a tangent drawn to the initial slope of the 
curve shown in Figure 4. A double reciprocal plot of the 
poly(u) data yielded k2ndorder = 1.1 X lo6 M-l sec-1. As 
reflected in these rate constants, the single-stranded polyri- 
bonucleotides react more rapidly with Hg(I1) than does the 
double helix, poly(A) - poly(U). 

The curvature exhibited in the data for poly(U) seems to 
be characteristic of mercury reactions and cannot now be 
explained. Similar behavior is observed in the reaction of 
Hg(I1) with thymidine, and in the hydrolysis of mercuric 
chloride (Williams, 1968). 

TO P O L Y ( A ) .  POLY(U).  As the ratio of moles of Hg(I1) to 
moles of poly(A) - poly(U) phosphate is increased, the rate 
of reaction of mercuric chloride with poly(A) poly(U) de- 
creases (Figure 5 ) .  At low ratios of mercuric chloride, the 
rate approaches that of reaction with poly(U). The equilib- 
rium binding curves suggest that mercury may seek the un- 
bonded bases a t  the ends of the poly(A) - poly(U) or possi- 
bly unbonded interior loops. The kinetic data support this 
conclusion since a t  low binding ratios the rate approaches 
that of binding to single-stranded polyribonucleotides. 

O F  POLY(U).  In order to verify that end effects were not 
dominating the reaction, the binding of mercury was exam- 
ined using poly(A) . oligo(U). The rate of the reaction was 
essentially independent of the chain length of poly(U). 
There was only a 25% increase in the fast initial rate going 
from high molecular weight poly(U) to oligo(U). Hence 
this phase of the reaction exhibits little cooperativity, as 
judged by the absence of kinetic end effects or autocatalytic 
kinetics. 

(b) RATE AS FUNCTION O F  RATIO O F  MERCURY(I1)  

(C) R A T E  AS FUNCTION O F  T H E  MOLECULAR WEIGHT 

12 I T  

3'21 
FIGURE 7:  Dependence of the second-order rate constant on tempera- 
ture for reaction of poly(A). poly(U) and poly(U) with mercuric chlo- 
ride. Conditions: [poly(A) . poly(U)] = 0.1 mM, 7 = 0.25, [indicator] 
= 0.05 mM, 500 mM NaC104, pH 5.6 ,  X 5 7 3  nm.  

(d) RATE AS FUNCTION OF IONIC STRENGTH. The ap- 
parent rate constant for the reaction of mercuric chloride 
with poly(A) poly(U) decreases as the sodium perchlorate 
concentration increases, but the apparent rate constant for 
reaction with poly(U) is independent of the ionic strength of 
the solution (Figure 6). 

(e) R A T E  AS FUNCTION O F  TEMPERATURE.  The data 
in Figure I show the dependence of the second-order rate 
constant on temperature. The activation energy can be de- 
termined from the Arrhenius equation: In k = -E, /RT + 
C, or E ,  = 18.1 and 9.2 kcal/mol for the reaction with 
poly(A) - poly(U) and poly(U), respectively. Thus, the 
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FIGURE 8: Kinetic curves for the reaction of mercuric acetate with 
poly(A) * poly(U) as monitored a t  260 and 265 nm. Conditions: 
[poly(A) 9 poly(U)] = 0.0865 mM in  same buffer as Figure 3 .  

reaction rate of Hg(I1) with double helix is more sensitive 
to both temperature and ionic strength than the rate of 
Hg(I1) with poly(U). 

Kinetic Difference Spectra and Analysis of the Slow 
Reaction Phase. Although the equilibrium binding of 
Hg(I1) to poly(A) - poly(U) exhibits cooperatively, this is 
not reflected in the rapid phase of the reaction. However, 
there are slow absorbance changes which are not accompa- 
nied by proton release, as shown by the absence of any indi- 
cator color change occurring at the slow rate. Hence a care- 
ful investigation was made of the slow phase, using the uv 
absorbance changes. For this study the p H  was increased to 
pH 6.5 to eliminate the added complication of the forma- 
tion of the acid double helix of poly(A) if chain separation 
should occur.2 A fast reaction phase closely analogous to 
that studied carefully a t  pH 5.6 was also found at pH 6.5. 

When Hg(I1) is added to a solution of poly(A) - poly(U) 
and the time course of the reaction monitored a t  various 
wavelengths, there is an initial rapid phase followed by a 
slow phase: The relative proportions of these effects are 
functions of the wavelength. The kinetic curves exhibited in 
Figure 8 were recorded a t  260 and 265 nm. The arrow indi- 
cates the time mixing was initiated and the dotted line the 
estimated absorbance change during mixing. The slow 
phase was extrapolated to “t = 0” in order to estimate the 
relative proportions of the effects, which are shown in Fig- 
ure 9. In Figure 10 the logarithm of the absorbance change 
as a function of time is shown for the poly(A) - poly(U)- 
Hg(I1) reaction a t  275 nm where the slow and fast phases 
have opposing optical density changes. Curve A exhibits the 
rate of the slow phase when the poly(U) is of high molecu- 
lar weight (s20 = 5.49 S) and curve B the rate with oli- 
go(U). While the slow phase is not a simple first-order reac- 
tion, the rate is clearly a function of the molecular weight of 
the poly(U). In the linear region of Figure 10, the rate of 
reaction with poly(A) - oligo(U) is approximately five times 
the rate with poly(A) poly(U). Although the slow phase is 

Mercury(I1) binding to poly(A) was performed a t  slightly higher 
pH (pH 6.2 as opposed to pH 5 .6 )  so that poly(A) would not be in the 
form of a double stranded helix (Krakauer and Sturtevant. 1968) 

255 2 8 5  
A ,  n r r  

FIGURE 9: Kinetic difference spectrum for binding of mercuric ace- 
tate to poly(A) * poly(U), r = 0.25. Conditions same as in Figure 8. 

I 

i 

1 

dependent on the molecular weight of poly(U), it is inde- 
pendent of the concentration of poly(A). poly(U) a t  a con- 
stant ratio of Hg(I1) to polyribonucleotides which indicates 
the slow phase is first order. The slow phase is also a func- 
tion of the ratio of Hg(I1) to polyribonucleotide with the 
rate increasing a t  low ratios (Figure 11)  in a manner analo- 
gous to that observed in the rapid phase of the reaction. 

Discussion 
The experiments reported here reveal several general fea- 

tures of the reaction of Hg(I1) with poly(A) . poly(U). In 
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Dependence of the slow reaction on the ratio of moles of 
added/mole of poly(A) - poly(U). [poly(A) poly(U)] = 

:onditions same as in Figure 10. 

summary, these are the following. (1) The equilibrium 
binding reaction is cooperative. (2) The kinetic studies show 
two main reaction phases, differing by about two orders of 
magnitude in time scale under the conditions used. (3) The 
fast reaction rate is linearly concentration dependent and 
hence second order. All proton release occurs in the fast 
phase, and there is no evidence that this phase is coopera- 
tive. (4) The slow reaction phase is concentration indepen- 
dent and hence first order. Since the reaction rate is consid- 
erably faster with poly(A) oligo(U) it must initiate prefer- 
entially at oligo(U) chain ends and hence has cooperative 
features. (5) The double helix poly(A). poly(U) reacts 
much more slowly than the constituent polynucleotides, and 
its reaction rate is more sensitive to ionic strength and tem- 
perature than that of the single strands. 

These observations imply a reaction mechanism with the 
following general properties. (1) The initial (fast) phase of 
the reaction requires a structural fluctuation or “breathing” 
of the double helix in order to make available the reactive 
sites blocked by double helix formation. However, since the 
fast phase is second order, the rate of “breathing” cannot be 
limiting. (2) Since all proton release occurs in the fast step, 
both Hg(I1) ligand sites must react at that stage. (3) In the 
rapidly formed complex the presence of Hg(I1) at one site 
does not appreciably increase the reactivity of adjacent nu- 
cleotides, since the fast reaction shows no cooperative or au- 
tocatalytic features. (4) The slow phase involves a coopera- 
tive, first-order structural rearrangement, possibly includ- 
ing substitutions in the ligands bound to Hg(I1). (5) Since 
N3 of uridine is the preferred site of reaction at both pH 5.5 

n 

F I G U R E  12: Proposed mechanism for reaction of Hg2+ with poly(A). 
Poly ( U). 

and pH 7 (Simpson, 1964; Nandi et al., 1965; Mansy et al., 
1974), the final reaction product (at rb < 0.25) probably in- 
volves Hg(I1) bound primarily to poly(U). The other possi- 
ble reaction sites, which may well be occupied transiently, 
are the adenosine amino group or N1; there is no evidence 
for binding to N7 (Simpson, 1964). 

A general mechanism which includes these features is 
that shown in Figure 12. The first step is transient opening 
of the double helix. Treating the opened form as a steady- 
state intermediate gives 

b n d o r d e r  = k 2 k 0 / ( k c  + k2[Hg01)l) 

Since k2nd  order was found to be independent of Hg(I1) con- 
centration (at constant TI,), k ,  must be much greater than 
kz[Hg(II)], and therefore 

k2ndorder = Kopenk2 

where kz is the reaction rate constant with unbonded bases, 
and Kopen is the equilibrium constant for the transient open- 
ing of a base pair. Kopen can thus be calculated from the 
ratio of the second-order rate constant for poly(A) 
poly(U) to the rate constant for poly(U). (The poly(U) 
rate constant is chosen because it is much larger than that 
for poly(A) and should offer the most rapid path for initial 
reaction of an opened base pair.) 

The mechanism proposed can be considered reliable only 
if Kopen calculated in this way has reasonable properties. 
Our results show Kopen = 2.7 X 103/1.4 X lo6 = 2 X 
at 15O, 0.5 A4 NaC104 (Figure 5). The value estimated by 
Gralla and Crothers (1973) from experiments on model 
oligonucleotides containing mismatched bases is 1.2 X IOh3 
a t  2 5 O ,  1 A4 Na+. Correcting the present value for tempera- 
ture and salt concentration, using the data in Figures 6 and 
8, yields 2.4 X at  25O, 1 M Na+, which we regard as 
reasonable agreement considering the errors inherent in 
both estimates. 

The variation of Kopen with ionic strength and tempera- 
ture is also consistent with opening a single base pair. The 
measured heat AHopen of 9 kcal/mol is reasonable when 
compared with heats of 5-9 kcal/mol for the average heat 
of melting all the base pairs in poly(A) poly(U) (Raw- 
itscher et al., 1963; Krakauer and Sturtevant, 1968).3 The 
increase of Kopen with decreasing sodium ion concentration 
is also expected by analogy with the known decrease in dou- 
ble helix stability as counterion concentration decreases. A 
quantitative comparison may be made by the following 
argument. Let s-l be the equilibrium constant for opening 
a base pair at the end of a double helix [see, for example, 
Crothers (1969) for a brief review of the theory of DNA 
melting]. At Tm the value of s, ST,, is constant when the 
Na+ concentration is varied, so 

AH,,, was estimated from the difference of the temperature coef- 
ficients of the reaction with poly(U) and poly(A) poly(U). 
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d In sT, = (a In s/aT),,+dT, -t 

Setting (d In S/dT)N,+ = (AH/RTZ) .  we obtain 

(a  In s/a In Na'),d In Na' = 0 

A H  dT, 

Using (dT,/dpNa+) = -17' (Dove and Davidson, 1962; 
Schildkraut and Lifson, 1965) and AH = -8 kcal at  a T ,  
of 60' (Krakauer and Sturtevant, 1968) we calculate [d In 
s - ' / d  In ( N a + ) l ~  = -0.27. As determined from Figure 6, 
[d In Kopen/d In (Na+)] = -0.50. Thus the quantitative 
variations of s-I and Kopen with Na+ concentration are 
comparable. The difference (0.23) is probably due to the 
variation of the loop free energy (Gralla and Crothers, 
1973) with salt concentration. 

In summary, the properties of Kopen determined by com- 
paring the rate of reaction of Hg(I1) with poly(U) and 
poly(A) poly(U) are in agreement with independent esti- 
mates of the same quantities. This contrasts with tritium 
exchange studies of polynucleotide structural fluctuations, 
which seem to require some novel structural assumptions 
for interpretation (McConnel and Von Hippel, 1970a,b). 
The resolution of these differences will require further 
work. In this context we note that even should the detailed 
mechanism we propose ultimately require modification, the 
small ratio of the rate constant for poly(A) - poly(U) to that 
for poly(U) alone means that the uridine N3 in poly(A). 
poly(U) is available for reaction with Hg(I1) no more than 
that same small fraction of the time. In other words, our ex- 
periments set an upper limit of 2 X (15O, 0.5 M Naf )  
for the fraction of base pairs in  poly(A) - poly(U) that are 
sufficiently open that the U residue can react with Hg(1I). 

A further conclusion that we can draw concerns the rate 
of opening the double helix. Since the opening reaction is 
not rate limiting, the structure must open at a rate that ex- 
ceeds the fastest observed apparent first-order rate con- 
stant, or about 1 sec-' (Figure 5 ) .  Hence, k~ > 1 sec-'. 

One intriguing question raised by our results is the struc- 
ture of the product of the fast reaction. Since no further 
proton release occurs in the slow reaction phase, it is likely 
that Hg(I1) has reacted to displace two protons in the fast 
phase. Assuming that initial attack occurs at uridine N3, 
this would permit structures in which Hg(I1) cross-links ei- 
ther a L and an A or two U's. In  considering models for 
such structures, one should keep in  mind that the fast reac- 
tion does not seem to be cooperative. Hence substitution of 
Hg(I1) at one site should not appreciably increase the reac- 
tivity of adjacent residues. It is difficult to see how this 
could be the case if  the double helix were locally disrupted 
so that two U residues could be bridged. A working hypoth- 
esis which we find more appealing is that Hg(I1) serves to 
crossbridge an A and a U, leaving the double helix intact, in 
the (unstable) product of the fast reaction phase. We built 
such a model with Hg(I1) joining uridine N3 to the adenine 
amino group, and found that this structure could be accom- 
modated in the double helix, at least as judged by CPK 
space filling models. 

Finally, this model for the intermediate structure pro- 
vides a simple picture of the slow reaction phase. The bond 
joining Hg(I1) to A is slowly broken and replaced by a sec- 
ond Hg(I1)-U bond, driven by the greater affinity of 
Hg(I1) for U than for A (Simpson, 1964). This process re- 
quires disruption of the double helix and should therefore 
be cooperative. It is reasonable that it should initiate at  the 
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ends of oligo(U) chains, peeling the U strand away from its 
complex with poly(A). 
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New Method for Isolation and Sequence Determination of 
5’-Terminal Regions of Bacteriophage q5X 174 in Vitro 
mRNAsi 

Karel Grohmann, Lloyd H.  Smith, and Robert L. Sinsheimer* 

ABSTRACT: We have determined the nucleotide sequences 
of the 5’-terminal oligonucleotides, produced by RNase T I  
digestion of bacteriophage 4 x 1  74 mRNAs synthesized in 
vitro. The major sequences are: pppCpGp(Ap), pppA- 

pppAp(Ap)3UpCp(Up)2Gp(Gp). The sequences of several 
minor 5’-terminal oligonucleotides were also determined. 

PUPCPGP(CP), PPPAP(AP)2uPCP(uP)2GP(GP), and 

M e t h o d s  allowing the rapid and quantitative recovery of 
the 5’ terminal oligonucleotides from messenger RNAs are 
of vital importance to studies on the control of transcrip- 
tion. Present techniques for the isolation of these oligonu- 
cleotides involve separation based upon the change in net 
electric charge after dephosphorylation (Konrad, 1973) or 
selective digestion of oligonucleotides which are not phos- 
phorylated on the 5’ end (Takeya and Fujisawa, 1974; Sugi- 
ura et al., 1969; Smith et al., 1974). These methods tend to 
be tedious or difficult to reproduce. Based on the observa- 
tion by Soave et al. (1973), that 5s RNAs can be separated 
on hydroxylapatite columns according to the degree of 
phosphorylation at  their 5’ ends, we have derived a simple 
isolation procedure for oligonucleotides from the 5’ ends of 
in vitro mRNAs transcribed from bacteriophage 4x174 R F  
DNA. 

Materials and Methods 
Hydroxylapatite (grade HT) was obtained from Bio- 

Rad Laboratories, DEAE-cellulose (DE-52) was obtained 
from Whatman. Other materials were the same as de- 
scribed in a previous publication (Smith et al., 1974). 

In  vitro 4x174 mRNAs selectively labeled with a- or y-  
32P ribonucleoside triphosphates were prepared as described 
previously (Smith et al., 1974) from 4x174 RFI DNA and 
Escherichia coli K 12 RNA polymerase holoenzyme. These 
~ ~ ~ ~ P - l a b e l e d  transcripts range in size from 500 to 1000 nu- 
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Pasadena, California 91 125. Received November 25, 1974. This is a 
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Research Fellowship No. G M  55249 to K.G. 

For this research we have devised a simple isolation proce- 
dure, for the 5’-terminal oligonucleotides, based upon hy- 
droxylapatite chromatography and two-dimensional thin- 
layer separation. This method allows for the rapid and 
quantitative recovery of all oligonucleotides containing 5’- 
triphosphate end groups and should be generally useful for 
sequence on 5’ termini of mRNAs. 

cleotides as judged by sedimentation through dimethyl sulf- 
oxide gradients (Smith et al., 1974). They also hybridize al- 
most exclusively (>97%) to +X 174 complementary strand, 
in agreement with results obtained by Hayashi et al. (1963, 
1964) for both in vivo and in vitro 4X 174 mRNAs. 

Digestion with RNase T I .  Aliquots of the 32P-labeled 
RNA were digested in 0.01 M Tris-HC1 (pH 7.9)-0.01 M 
EDTA using RNase T I  to substrate ratio of 1:lO (w/w). In- 
cubation at 37’ for 40 min gave complete digestion. 

Other enzymatic digestions were performed as described 
previously (Smith et al., 1974). 

Hydroxylapatite Chromatography. Experiments were 
routinely performed at room temperature, using disposable 
columns made from Pasteur pipets (0.5 X 5 cm) previously 
equilibrated with 0.05 M potassium phosphate buffer’ (pH 
6.8). Samples (usually 5-10 pg of RNA digest) were ap- 
plied in digestion buffer (10 m M  Tris-HC1 (pH 7.9)-10 
m M  EDTA) which often contained traces of phenol from 
the previous extraction step. The presence of phenol or 10 
m M  EDTA did not interfere with absorption and separa- 
tion on the column. Samples were loaded by gravity and the 
columns were washed with 1 ml of 50 m M  K P 0 4  buffer. 
Elution was achieved with 40 ml of a linear gradient of 
KP04 buffer (pH 6.8), between 0.05 and 0.1 M ,  followed 
by 10 ml of 0.1 M KPO4 buffer (pH 6.8), and a final wash 
with 10 ml of 0.5 M KP04 buffer (pH 6.8). A constant ef- 
fluent flow rate of 20 ml/hr was provided by means of a 
peristaltic pump (Buchler Instruments). Fractions of ap- 
proximately 1 ml were collected. The radioactivity content 
of effluent fractions was measured by applying aliquots of 

’ Abbreviations used are: KPO4 buffer, potassium phosphate buffer; 
TEAHC03,  triethylammonium bicarbonate. 
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