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On the Kinetics of Hydrogen Exchange in Deoxyribonucleic Acid. 
pH and Salt Effects* 

Morton P. Printz and Peter H. voti Hippel 

AHSI K A C ' I  : The hydrogen-exchange kinetic,\ o f  native 
calf thymus deoxyribonucleic acid have been studied 
as a function of pH and salt concentration using a tri- 
tium--Sephadex method. Previous work had demon- 
strated that only hydrogens involved in interchain hy- 
drogen bonds in deoxyribonucleic acid exchange sufh- 
ciently slowly ( t l i ,  = >SO sec) to be visualized by such 
gel filtration techniques. It is shown in this study that 
deoxyribonucleic acid hydrogen exchange proceeds at 
ii minimum rate at 0" and pH values close to neutrality 
(PH,,]~"); increasing or decreasing the pH from pH,,,,,, 
increases the rate of exchange. Furthermore, the rate of' 
exchange at any given pH, as well as the value of pH,,,,,,. 
depends upon the salt concentration. At pH values 
greater than pHmi,, the rate of exchange increases di- 
rectly with log [Na+]; at pH values below pHmi, the 
rate decreases with log [Na']. pHmi, also shifts to lower 

H y d r o g e n  exchange as a potential method of mac- - -  
romolecular conformation analysis was introduced and 
first developed by Linderstrom-Lang and his colleagues 
(e.g., see Linderstrom-Lang, 1955). In the intervening 
years. conceptual and methodological refinements have 
improved this approach to the point that several var- 
iants of it are now being extensively used in protein 
structure studies (for reviews see Hvidt and Nielsen 
(1Y66), Harrington ef a/. (1966), and Englander (1967)). 

More recently, this approach has also been extended 
to an analysis of DNA structure (Printz and von Hippel. 
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pH value5 as the d t  concentration is increased. Thex  
tindings correlate directly with salt-induced changes i i i  

the pH--titration curve of DNA. It  is shown that pH,,,,!, 
for hydrogen exchange corresponds closely at a given 
salt concentration to the midpoint of the plateau of the 
pH-titration curve, and the iate of exchange at  a pH 
removed from pH,,;,, is inversely related to the absolute 
value of the difference between the experimental pH 
and the pK,,,,  of the nearer limb of the titration curve. 
The results of this study are discussed in terms of CL sim- 
ple two-step exchange model (see eq 4 of text) involv- 
ing a structtire-controlled opening--closing reaction 
characterized by forward and reverse rate constants. k ,  
and h-2r and an over-all rate constant for the chemical 
exchange process. ka .  Attempts are made to separate 
pH- and salt-induced changes inexchange rate into struc- 
t~iral (h-) and A 2 )  and chemical ( k : J  effects. 

1965: von Hippel and Printz, 1965), using the tritiuni- 
Sephadex method introduced by Englander (1 963). I t  
has been shown that the potentially exchangeable hy- 
drogens of DNA (hydrogens attached to nitrogen and 
oxygen; carbon-bound hydrogens do not exchange with 
solvent tritiutn under the conditions used) can be full) 
labeled by brief incubation in tritiated water: and that 
after passage of the sample through a Sephadex column 
to remove most of the free tritium, the exchange-out of 
the hydrogens involved in interchain hydrogen bonding 
can be followed (after another gel filtration step) on ii 

time scale calibrated in seconds. Similar findings have 
been obtained by Englander and Englander (1965) with 
tRNA. 

In DNA, exchangeable hydrogens are generally cal- 
culated as hydrogens/nucleotide pair (H/np) and the data 
are presented as plots of log (H/np), L'S. r (exchange- 
out time). Under conditions where exchange is mod- 
erately slow, such graphs can be extrapolated to zero 
time of exchange to determine the total measurable hy- 
drogens per nucleotide pair. (H/np)o, originally present 
in the structure. It has been shown (at pH 7-8 in 0.1 hl 

NaCl and at temperatures below 4"), that exchange- 
out data obtained with calf thymus and bacteriophage 
T4 DNA (Printz and von Hippel, 1965) and various 
bacterial DNAs ranging in base composition from 30 to 



L O L .  7, N O .  9,  S t P l k M B t K  I 9 6 8  

75 mole % dG-dC (McConnell and von Hippel, 1968), 
extrapolate to zero-time values (*0.2 H/np) which are 
in accord with expectations 

a macromolecule containing a number, n, of kinetically 
distinct types of sites which exchange independently, 
the integrated rate equation becomes 

(H/np)o = 2[dA-T] + 3[dG-dC) (1) 

where [dA-T] and [dG-dC] represent the calculated mole 
fractions (from composition data) of each of the two 
conventional types of nucleotide pairs in the DNA. This 
result shows that only the hydrogens involved in inter- 
chain hydrogen bonds are measured by these techniques 
and furthermore that the determination of DNA hydro- 
gens by tritium-labeling techniques involves no mea- 
surable equilibrium isotope effects. Thus extrapolation 
of hydrogen-exchange data to equilibrium values can, in 
favorable cases, be used to measure the extent of de- 
naturation of DNA (Printz and von Hippel, 1965), the 
extent of hydrogen-bonded structure in complex sys- 
tems such as tRNA (Englander and Englander, 1965), 
and hydrogen-bonding patterns in ordered synthetic 
polynucleotide systems (von Hippel and Printz, 1965 ; 
Printz and Trout, 1968). 

Beyond its utility as a measure of equilibrium struc- 
ture, study of the kinetics of the hydrogen-exchange-out 
(or -exchange-in) process in macromolecules appears to 
afford a unique opportunity to study the conformational 
motility of these structures, since the rate of release of 
tritium from potentially exchangeable loci within the 
structure should be related to the rate or extent to which 
these loci are exposed to the solvent environment as a 
consequence of conformational motility. Furthermore, 
for relatively simple (i.e., homogeneous or monotonic) 
structures such as DNA, these kinetics should be in- 
terpretable in structural terms. It seems not unreason- 
able to speculate that the rate and/or extent of local 
opening-closing reactions in specific base sequences of 
DNA at temperatures well below T,,, may play an im- 
portant role in controlling or directing the interactions 
of DNA with polymerases, repressors, complementary 
nucleic acids, and other biologically relevant compound 
(Le., in controlling and directing the expression of the 
genome), and thus experimental approaches to the mea- 
surement of such opening-closing reactions are of in- 
terest (for other approaches see, for example, Wingert 
and von Hippel, 1968). In order to assess the usefulness 
of measurements of hydrogen-exchange kinetics in stud- 
ies of conformational motility, we have begun a study 
of the effects of a number of environmental variables 
on the hydrogen-exchange behavior of DNA. In this 
paper we report on the efects of changes in pH and salt 
concentration on the kinetics of exchange. 

Models of the HpdroReii-Escliunge Process. The rate at 
which hydrogens located in any particular environment 
exchange with solvent hydrogens can be written as 

n 

i = O  
H ,  = x H o , i e - k i  (3) 

where H t  = total number of hydrogen per molecule 
not exchanged at time t ,  and Ho,, and kt  are, respec- 
tively, the number of hydrogens initially present and 
the observed exchange rate constant for each kinetic 
class. 

Since the exchange of DNA hydrogens fully exposed 
to water has been shown to be much too rapid to be 
followed by gel filtration techniques, the involvement of 
potentially exchangeable hydrogens in structure (i.e., 
interchain hydrogen bonds) must be responsible for 
slowing exchange to measurable rates. Thus structure 
must be introduced into any potential model of the ex- 
change process. This can most simply be done by writing 
the exchange mechanism for a single exchange unit' of 
DNA as a two-step process (comparable formalisms 
have previously been used by Linderstrom-Lang (1955) 
and Hvidt (1964) to describe hydrogen exchange in pro- 
teins, and by Englander and Englander (1965) in deal- 
ing with tRNA) 

/< 3 
I < !  

k? 
closed Jr open --+ exchanged (4) 

where kl/li2 defines an equilibrium constant, K ,  which 
is the ratio of open to closed nucleotide pairs at any 
instant of time. Since the experimental temperatures, 
T, in these studies are far below TI,, k l  << k,.  and the 
fraction of time a given nucleotide pair is open = [klj  
(kl + k2)] 'v kl/kz = K. The rate constant k3  defines the 
rate of chemical exchange of the hydrogens of the open 
structure with solvent hydrogens under the experimental 
conditions. It is clear that this formulation is over sim- 
plified, since it does not allow for exchange from par- 
tially open sites, etc., but it appears to provide an ade- 
quate framework for the interpretation of present re- 
sults. 

Two limiting cases for the kinetics of exchange of any 
given class of sites may be considered in such a two-step 
mechanism: (a) k3 >> kz: the rate of exchange will de- 
pend only upon the rate of opening, and the observed 
rate constant of exchange, ki,  for these sites will be equal 
to the rate constant for opening, k l ;  i.e., ki = k l .  (b) 
k n  << kr: the observed rate of exchange for this class 
will depend upon the producr of the chemical exchange 
rate constant, kn ,  and the fraction of total time the sites 
are open; i.e., ki = Kk.j .  

One major distinction between these limiting cases is 

-~ _ _  __  . ._ 
(2) -- 

1 An exchange unit of DNA is dcfincd ns n set of sites contain- 
ing potentially cxchangcablc hydrogens which open and close 

where H ,  i s  the number of hydrogens remaining in all 
sites of type i at time t ,  and k ,  is the characteristic first- 
Order rate constant for exchange Of these hydrogens 
under a particular set of environmental conditions. For 

( i x . ,  undergo local strand separation and recombination) as a 
unit. For DNA thc exchangc unit could range in size from one 
or a very few pairs a t  temperatures well below the 
helix-coil transition temperature, T,,,, to a lnrge part of the DNA 
mo~ecule at temperatures close to T,,,. 3195 
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that in a the observed rate constant is completely inde- 
pendent of the chemical exchange rate constant of the 
open structure, k3, while in b the observed rate is di- 
rectly proportional to ka. Thus one approach to differen- 
tiating between these cases is to alter the solvent environ- 
ment (e.g. ,  by adding exchange catalysts) so as to change 
the rate of the chemical exchange process without alter- 
ing kl or kp. If then the over-all exchange rate is altered, 
we may surmise that exchange proceeds by some var- 
iant of mechanism b. However, the difficulty lies in being 
sure the observed effects are not related in some way to 
structural effects since we can only observe exchange 
from the predominantly closed (native) double-helical 
structure. 

With proteins this problem does not arise, since chem- 
ical exchange of the amide hydrogens is anomolously 
slow, and it has been possible to follow the chemical 
exchange process of simple amides and unstructured 
polypeptides at pH values close to that at which the ex- 
change rate is minimal, pHmi,, by methods with time 
resolution comparable with the tritium-Sephadex tech- 
nique. It has been shown in such systems that peptide 
hydrogen exchange is subject to direct chemical catal- 
ysis by acid and base (Berger et al., 1959; Bryan and 
Nielsen, 1960; Klotz and Frank, 1965) and by certain 
other proton donors and acceptors functioning as gen- 
eral acid-base catalysts (Klotz and Frank, 1965; Leich- 
tling and Klotz, 1966). The actual values of pH,,, for 
these simple compounds, though not the minimum rates 
have been shown by Leichtling and Klotz (1966) to de- 
pend upon inductive effects of neighboring groups. 

In DNA the situation is more complex. There are 
two chemically distinct types of measurable, exchange- 
able hydrogens ( ie . ,  the exocyclic amino and the endo- 
cyclic imino hydrogens) and, as indicated above, both 
types exchange very rapidly with solvent hydrogens in 
the open form. Thus, unlike in proteins, the tritium- 
Sephadex technique cannot be used to study exchange 
of open DNA sites, and we must examine the effects of 
pH, salt, and catalyst concentration on the fully struc- 
tured DNA molecule. Some results of such studies are 
reported here; in the Discussion we attempt to separate 
the results into chemical and structural effects in terms 
of eq 4. 

Materials and Methods 

Hydrogen-Exchange Procedures. Hydrogen exchange 
in DNA was studied using the tritium-Sephadex pro- 
cedure originally developed by Englander (1 963) for 
protein studies. DNA was tritiated, the kinetics of ex- 
change-out were followed by one- or two-column 
methods, and the results were calculated, essentially as 
previously described (Printz and von Hippel, 1965). 
Methodological details and comments which supple- 
ment our earlier description are presented here. 

Many of the experimental problems of the method 
arise from the fact that the exchangeable hydrogens of 
DNA (approximately 5 pmoles/ml in a 1-mg/ml DNA 
solution) are in equilibrium with all the hydrogens of 
water (approximately 11 1 mmoles/ml in a dilute aque- 
ous solution). Thus the ratio of water to DNA hydro- 3 196 

gens is approximately 2 X lo4, and in order to introduce 
appreciable quantities of tritium into the DNA the in- 
itial equilibration must be carried out at very high spe- 
cific activities of tritiated water (5-10 mCi/ml). After 
equilibration, the free tritium must be reduced to 
10-7 of its initial concentration, in order to obtain DNA- 
bound tritium levels which are at least tenfold above 
background at 0.1-0.01 H/np. Because of the magni- 
tude of the separation required, extreme care must be 
used in the gel filtration procedure to avoid contamin- 
ation of the final samples with the very high levels of 
free tritium initially present. 

Most of the data presented in this paper was ob- 
tained by the two-column procedure, in which exchange- 
out is initiated by reducing the free tritium concentra- 
tion to 10-3-10-4 of its initial concentration by quick 
passage through a short Sephadex column. This is op- 
erationally equivalent to making an infinite dilution of 
the free tritium, and no back-exchange into DNA sub- 
sequently occurs. Englander and Englander (1965) have 
shown that the corrected zero time for exchange-out 
corresponds to the time at which the sample has pro- 
ceeded far enough down the column to reduce the con- 
taminating tritium concentration to 37 % of its initial 
value. For our columns and conditions this time was 
40 =t 10 sec after layering the sample onto the first col- 
umn, and all measured exchange-out times have been 
corrected for this factor. 

The DNA emerging from the first column is pooled 
and incubated under controlled conditions. Passage of 
an aliquot of the pool through a second Sephadex col- 
umn at various times removes the remainder of the free 
tritium, plus that which exchanged-out of the DNA dur- 
ing the incubation. Fractions of the effluent of the sec- 
ond column are then collected and analyzed for DNA 
and tritium concentration. Several tubes are collected 
from each peak, and in a satisfactory run these must 
show a constant ratio ( * l o x )  of tritium/DNA (i.e., 
no break through of free tritium; see Englander, 1963). 

The runs were made in standard 2-cm glass chroma- 
tographic columns fitted with coarse sintered-glass disks 
The columns were siliconized (Siliclad, Clay-Adams, 
Inc.) to reduce wall effects and channeling during sep- 
aration. This process was repeated as needed, taking 
care to avoid contact of the siliconizing fluid with the 
sintered-glass disk. The columns were packed with G-25 
Sephadex (coarse beads) obtained from Pharmacia 
(Uppsala, Sweden) and prepared (washed, swollen, and 
fined) in the usual manner. The gel was packed into the 
column in layers; 10-15 ml of gel slurry at a time was 
added to a closed column (filled with water or buffer) 
and allowed to settle. The column was then briefly oscil- 
lated to stabilize and level the gel, flow was resumed 
briefly to pack it, another aliquot of slurry was then 
added, and the process was repeated. The number of 
layers per unit column length was not found to be crit- 
ical; three layers per centimeter were quite adequate to 
achieve good separation. Column lengths of -11 cm 
were used in most of the runs. The gel was covered with 
a disk of sharkskin filter paper (Schleicher & Schuell, 
Keene, N. H.), to spread the sample and minimize gel 
disruption on sample and buffer application. After each 
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run the top 3-4 cm of the gel was stirred with a soft Tef- 
lon rod (to avoid scratching the silicon coating of the 
column and consequent bubble formation), and the 
filter paper disk was replaced. The columns were run 
and stored at temperatures below 4". After each ex- 
periment the columns were washed immediately with 
ten or more column volumes of distilled water, purged 
with 1 M NaCl to remove charged contaminants, and 
stored in 1 M NaCl to inhibit bacterial growth. Columns 
in which contaminating tritium could not be reduced to 
normal background levels by such washing were dis- 
carded. 

Temperature control is a crucial aspect of hydrogen- 
exchange studies ; ideally the columns, the buffer reser- 
voir, and the exchanging pool after the first gel filtra- 
tion must all be kept at the same (constant) temperature. 
Preliminary measurements have shown that the rate of 
exchange of DNA increases about 1@12%'/"C, and the 
temperature which applies to a particular experiment 
is clearly the time average of the thermal experience of 
the sample during the entire exchange-out period (Le., 
samples exchanged for short times spend a proportion- 
ately larger fraction of the exchange-out period in the 
columns, and less in the pool). To minimize temperature 
fluctuations all exchange experiments were carried out 
in a specially constructed, insulated refrigerated box 
with access provided through small doors. The tem- 
perature of the box was continuously variable, with 
regulation of the entire internal environment to better 
than i 1.5". During an experiment the doors of the cold 
box were open for extended periods of time, but the in- 
crease in the air temperature of the box was never 
greater than 3-5". To compensate for this small warm- 
ing, the temperature control during the run was set to 
ensure continuous operation of the refrigeration unit 
and minimize temperature fluctuations. The pool tube 
and the lines from the buffer reservoir were immersed 
in ice at all times. The buffer reservoir was large enough 
to damp out any moderate temperature fluctuations. 
The heat capacity of the columns was also quite large, 
and column temperatures have been shown by direct 
measurement to be quite insensitive to minor variations 
in air temperature (B. McConnell, private communica- 
tion). Results presented in this paper were obtained over 
an extended period of time, during which various mod- 
ifications were incorporated into our experimental pro- 
cedures. The temperature within a single series of runs 
( e g . ,  a pH series, presented as an individual graph in 
the Results section) was held constant (to f 1 " unless 
otherwise stated), but the temperature variation between 
series was larger, runs having been made over the range 
from 0 to 4". 

For each run, the DNA solution (usually 2-5 ml con- 
taining 1-2 mg/ml of DNA) was adjusted to the pH and 
salt concentration of the experiment by dialysis against 
several liters of the relevant buffer. About 1 hr before a 
run, tritiated water (New England Nuclear Corp.) was 
added to the DNA sample to a final activity of 7-10 
mCi/ml. Complete tritiation was achieved by incuba- 
tion at room temperature for 30-60 min. Equilibration 
for much longer periods, or with an interim period of 
freezing, did not alter either the amount of tritium in- 

corporated into the DNA, or the exchange kinetics, so 
we may assume that no additional slowly exchangeable 
class of hydrogens was present. 

DNA. Native calf thymus DNA (Worthington Bio- 
chemical Corp.), dissolved, characterized, and sonicated 
as previously described (Printz and von Hippel, 1965), 
was used in all these studies. As pointed out previously, 
the DNA was sonicated to reduce viscosity effects and 
spreading of the DNA in the Sephadex columns. Con- 
trol experiments have shown that sonicated and unson- 
icated DNA have essentially identical exchange kinetics 
(Printz and von Hippel, 1965). All preparations used 
were completely native and free of metal contamination 
as determined by melting criteria (Printz and von Hippel, 
1965). DNA concentration was measured spectrophoto- 
metrically (at room temperature) by absorbance at 260 
mp, using 1.30 X lo4 cm-I as the molar extinction co- 
efficient (per mole of nucleotide pairs) for native calf 
thymus DNA. The variation of extinction coefficient 
with salt or pH changes was not significant at Na+ con- 
centrations greater than 0.005 M. 

Reagents and Solutions. Reagent grade or spectro- 
scopically pure chemicals were used throughout, and 
all solutions were made up with double-distilled water. 
Solution pH values were adjusted at (or calculated to) 
the temperature of the experiment for buffers with ap- 
preciable enthalpies of ionization. 

Melting Experiments. Hyperchromic DNA melting 
profiles were measured initially in a Zeiss PMQ I1 spec- 
trophotometer and later in a Gilford Model 2000 auto- 
matic recording spectrophotometer. The procedures 
used in loading and sealing the cells, controlling and 
measuring the temperature, and analyzing the data have 
been described elsewhere (e.g., see Olins et al., 1967). 

Titration Experiments. DNA titrations were performed 
using a Radiometer SBR2/SBUl/TTA2 automatic re- 
cording titrator equipped with separate Radiometer 
glass (G2023) and calomel (K401) electrodes. Titra- 
tion was continuous; up to 0.5 ml of 0.02 M NaOH 
(or 0.02 M HCl) was added from an Agla precision 
syringe to raise (or lower) the pH. Titrations were run as 
a function of salt concentration with 10 mg of native or 
heat-denatured DNA dissolved in 14 ml of the relevant 
salt solution. Control titrations were carried out with 
the same volumes of salt solution in the absence of DNA, 
and substracted from the DNA runs. No corrections 
were made for the progressive change in salt concen- 
tration with added acid or base (less than 3% in the 
worst cases). The runs were made as a function of tem- 
perature in a water-jacketed titration vessel. The pH 
scale was calibrated with standard buffers at the tem- 
perature of the experiment. All titrations were carried 
out under water-saturated nitrogen (prepurified by bub- 
bling through concentrated NaOH and HzS04). Prior 
to each experiment the sample was bubbled with Nz for 
10 min to remove dissolved CO,. Under these conditions 
there was no detectable uptake of acid or base at fixed 
pH in any of the titration experiments. 

Sources of Experimental Error and Their Effects on the 
Accuracy of Hydrogen-Exchange Data. Both random 
and systematic errors enter into hydrogenexchange 
experiments, and their magnitudes and effects on the 3197 
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Error analysis suggests that the random error of indi- 
rjidual hydrogen-exchange points ranges from about 
=t4% at the level of approximately 1 H/np, to about 
=t 10% at approximately the 0.05-H/np level. 

Superimposed on these errors are systematic errors 
which can effect the shape of entire exchange curves. 
The primary cause of these is temperature fluctuations 
and differences, which have been discussed above. Since 
time points on the exchange curves are derived from 
samples which have spent varying proportions of the 
total exchange time in columns and in the pool, differ- 
ences in temperature between columns and pool can 
effect the shapes of the exchange-out curves. As a hypo- 
thetical (extreme) example to illustrate the possibilities, 
if the columns used in a particular run happened to be 
at 5" and the pool at O" ,  a 200-sec sample will 

and thus measured value of H/np will be 5-6% lower 
than if the sample had been at O o  throughout. On the 
other hand, a 2000-sec samde obtained under the same 

' 
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FIGURE 1 : Hydrogen-tritium exchange-out curves for native 
calf thymus DNA at 0.5 f 0.3" and various values of pH in 
0.1 M NaC1-0.0001 M disodium EDTA. (a) 0.01 M sodium 
cacodylate. pH (measured at 23" drectly after each experi- 
ment and corrected to 0.5"): (0 )  7.8, (CI) 7.37, (A) 7.15, (0) 
6.75. ( X)  6.35, and (A) 5.95. (b) 0.01 M sodium borate. pH 
(measured at 1.0" after each experiment): (A) 7.8, (0) 8.24, 
(A) 8.65, (G) 9.04, and (0) 9.31. 

data must be evaluated prior to any attempt at serious 
analysis of the shapes of exchange-out curves. In gen- 
eral, the random error of an individual point on a hy- 
drogen-exchange curve is affected by errors in tritium 
counting and in DNA concentration analysis. Counting 
errors are less than +2% for early time points (Le., H/np 
-1.0) where the counts are approximately 40 times 
background. The counting error approaches =k5 -10% 
at H/np -0.05 where the count rate is four to five times 
background. DNA concentrations were generally mea- 
sured at optical densities in excess of 0.5, so the error in 
this measurement is probably less than + 1 %, and pi- 
petting errors were found to be less than +2%. As men- 
tioned above, each exchange point also represents the 
average of determinations on two to four different tubes. 

conditions will have spent 90% of the exchange-out 
period at 0" (in the pool) and thus the measured value 
will only be about 0.5% lower than if the columns had 
been at 0" throughout. The net effect of this type of SYS- 

tematic error will be to make linear exchange curves 
appear slightly concave downward. (We should empha- 
size that this is an extreme example, since temperature 
differences between the pool and the columns were US- 

ually considerably less than this.) 

Results 

Effect of pH on Hydrogen-Exchange Kinetics. AS re- 
ported previously (Printz and von Hippel, 1965; von 
Hippel and Printz, 1965) hydrogen exchange of native 
DNA proceeds most slowly at pH values near neutrality 
and at moderate salt concentrations. Thus such condi- 
tions (pH 7.6, 0.1 M NaCl) were used in our initial stud- 
ies which were aimed primarily at obtaining a measure 
of (H/nph (e.g., Figure 1 ; Printz and von Hippel, 1965). 
In order to approach questions of mechanism, system- 
atic data on the kinetics of hydrogen exchange as a 
function of pH and salt concentration are required. 
Such data are presented here. It will be apparent that as 
we move away from conditions of slow exchange, the 
exchange process is accelerated so that at extremes of 
pH and salt concentration we are only able to obtain 
experimental points for the last 3 6 5 0 %  of the reaction, 
and so lack direct information about the shape of the 
early part of the exchange curve. Nevertheless, con- 
siderable insight can be derived from the information 
which is experimentally attainable. 

In Figure la, log (Hlnp) is plotted cs. exchange-out 
time for native calf thymus DNA (0.1 u NaC1, 0.5 + 
0.3') at several pH values below pH 8.0. It IS apparent 
that under these conditions the exchange sate increases 
and that the curves become progressively less linear 
(;.e., deviate from simple first-order behavior) with de- 
creasing pH. Figure l b  shows that similar effects occur 
on the alkaline side of neutrality at the same salt con- 
centration and temperature (0.1 M NaC1, 0.5 * 0.3"). 
As the pH is increased above pH 8, the rate of exchange 
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FIGURE 2: Hydrogen-tritium exchange- 
out curves for native calf thymus DNA 
at 3 f . l o .  (a) pH 6.6, (b) pH 9.5, and 
(c) pH 7.7 in varying NaCl concentra- 
tions as indicated. pH was controlled at 
pH 6.6 and 7.7 with 0.01 M sodium 
cacodylate, and at pH 9.5 with 0.01 M 
sodium borate. (a) A, m, and 0 represent 
0.510, 0.110, and 0.020 M Na+, respec- 
tively. (b) 0,  A, and represent 0.024, 
0.114, and 0.614 M Na+, respectively. 
(c) 0,  El, 0, A, and 0 represent 0.02, 
0.114, 0.314, 0.614, and 1.014 M Na+, 
respectively. 
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again increases and the exchange curves again deviate 
progressively more from linearity. 

Thus it appears that the exchange rate goes through a 
minimum in the vicinity of pH 7-8; either increasing or 
decreasing the pH from this region increases the rate of 
hydrogen exchange. 

Efjects of Salt Concentration on Hydrogen-Exchange 
Kinetics. Figure 2a shows that at pH 6.6, decreasing the 
salt concentration from 0.51 to 0.02 M NaCl results in a 
monotonic increase in exchange rate. Qualitatively it 
appears that decreasing salt concentration at pH values 
below the exchange minimum affects the exchange curve 
much like a progressive decrease in pH (Figure la). Fig- 
ure 2b shows tharat a pH (9.5) well above the pH range 
in which exchange is slowest, the low pH situation is 
exactly reversed; ut this pH, as the salt concentration 
is decreased (from 0.61 to 0.02 M NaCI), the rate of ex- 
change is markedly decreased. Furthermore, Figure 2c 

shows that at a pH (7.7) in the middle of the minimum 
exchange-rate region, a decrease in salt concentration 
(from 1.0 to 0.02 M NaC1) first decreases and then in- 
creases the rate of hydrogen exchange. 

These pH-salt relationships may be compared in more 
revealing fashion by plotting the extent of reaction at 
constant exchange-out time, (H/np),, as a function of 
experimental variables such as pH or salt concentration. 
As eq 3 shows, for a first-order reaction log H, at con- 
stant t is directly proportional to the first-order rate 
constant, 2. Since the exchange-out plots obtained in 
this study are all curved, it is obvious that we are deal- 
ing with more than one class of exchangeable hydrogens 
(more than one concurrent first-order exchange reac- 
tion), and thus the extent of exchange at time t ,  (H,) 
will be a complex function ol'a composite rate constant. 
Nevertheless, by examining the dependence of log 
(H/np) at various times upon pH and salt concentra- 3 199 
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FIGURE 3: Extent of exchange (H/np)l curves at various ex- 
change-out times plotted as a function of pH. The experi- 
mental points are derived, in large part, from the data of 
Figures 1 and 2. (a) 0.11 M Na+ after 180, 540, and 1980 sec 
of exchange; (b) 0.51 and 0.20 M Na+ after 300 sec of ex- 
change. 

tion, some semiquantitative assessment of the nature 
and trends of these complexities may be obtained. 

Figure 3a displays the extent of reaction as a func- 
tion of pH for the data of Figure la,b at three exchange- 
out times: 180, 540, and 1980 sec. It is clear that all these 
curves peak between pH 7.5 and 8.0; these data apply 
to 0.11 M NaCl. In Figure 3b we present similar plots 
using salt (Na+) concentration as the independent var- 
iable, for data obtained after a 300-sec exchange in 
0.02 and 0.51 M NaC1. As Figure la,b had shown, there 
is a minimum exchange rate region near neutrality, but 
in addition, Figure 3b shows that the apparent pH,;, 
shifts markedly toward lower pH as the salt concen- 
tration is increased. 

Outside the pH region of minimum exchange rate, it 
can be shown (Figure 4a,b) that log (H/np), is approxi- 
mately linearly related to log [Na+]. Figure 4a presents 
data for pH 7.7 showing that [Na+],,, occurs between 
0.1 and 0.8 M Na+, with rates increasing (log (H/np), 
decreasing) as the salt concentration is increased or de- 
creased from this range (compare Figure 2a,b). Figure 
4b presents data obtained at pH values above (9.5) and 
below (6.6) pH,;,, and shows that the rate of exchange 
increases with increasing salt at high pH, and decreases 
with increasing salt at low pH. Note that the pH 6.6 
and 9.5 family of curves cross one another at a salt con- 
centration of -0.05 M Na+. Thus the rate of hydrogen 
exchange is the same at this salt concentration at both 3200 

pH 6.6 and 9.5. At both of the pH values studied here, 
the logarithm of the exchange rate (as measured by ex- 
tent of exchange at a given time) is approximately pro- 
portional to log ma+]; though this clearly is not the case 
for pH values in the exchange minimum region (Figure 
4a). Thus at experimental pH values well above and 
below the minimum exchange “plateau” region we may 
write 

log (Hinp), ‘v A log [Na+] + B ( 5 )  

where (H/np), is the number of unexchanged hydrogens 
per nucleotide pair remaining at time t ,  at a particular 
pH, and A and B are constants which vary in magnitude 
with pH. The sign of A will also depend upon pH. At 
pH values well below the exchange minimum, A is large 
and positive, and decreases in size as the plateau region 
is approached. At alkaline values of pH, A is large and 
negative, again approaching zero as the experimental 
pH is decreased toward the plateau. The family of curves 
at any one pH valve all have roughly the same shape, 
suggesting that the factors responsible for the observed 
rate changes affect the entire measurable exchange curve 
about equally. 

Effects of Salt Concentration on pH-Titration Curoes 
oJ DNA. The major features of the above hydrogen-ex- 
change behavior of DNA as a function of salt concen- 
tration and pH show significant correlations with the 
behavior of DNA pH-titration curves at various salt 
concentrations (e.g., see Cox and Peacocke, 1956). These 
workers had early shown that the apparent pK‘s of the 
acid and alkaline “limbs” of the pH-titration curve for 
both native and denatured herring sperm DNA varied 
markedly with the salt concentration at which the ti- 
tration was carried out. They found that pKaPp for both 
the acid and the alkaline limbs of the DNA titration 
curve were shifted appreciably toward lower pH values 
as the salt concentration was increased; the effect de- 
pending primarily upon the cation used (i.e., there was 
little or no dependence of pKapP upon the associated 
anion). To permit quantitative comparison of our hy- 
drogen-exchange data with relevant pH-titration data, 
we have carried out a series of titrations of native and 
denatured calf thymus DNA in the presence of varying 
concentrations of NaCl, with results very similar to 
those obtained previously by other workers with other 
DNAs (e.g., Cox and Peacocke, 1956-1958; Peacocke 
and Walker, 1962; Bunville et al., 1965). The titration 
curves show an approximately parallel downward shift 
of the pK,,, of both the acid and alkaline limbs of the 
titration curves for both native and denatured DNA 
with increasing salt concentration (e.g., see Figure 5 ) .  
As also previously observed by others, the native DNA 
titration curve is partially biphasic. This two-step ti- 
tration results from the collapse of native double-he- 
lical structure as titration proceeds, accompanied by a 
transition to the less abrupt titration curve character- 
istic of denatured DNA (e.g., see Peacocke and Walker, 
1962). 

To afford quantitative comparison of the erect of 
salt and pH on hydrogen-exchange curves and on DNA 
titration curves, pKSpp has been measured for native and 
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FIGURE 4: Extent of exchange (H/np)t curves at various exchange-out times plotted against log [Na+]. The experimental points are 
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denatured DNA as a function of salt concentration. 
Starting from neutrality in each case, the completion of 
the acid titration of DNA (in the region of pH 2-4) in- 
volves the protonation of N1 of adenine, N3 of cytosine, 
and Ni of guanine. Thus the acid pK,,, for calf thymus 
DNA may be calculated from the DNA base composi- 
tion to correspond to 0.71 equiv of H+/np. The com- 
pletion of the alkaline titration of DNA (in the region of 
pH 10-12) corresponds to a deprotonation of the NI 
of guanine and the Na of thymidine. Thus the alkaline 
pK,,, falls at 0.5 equiv of OH-/np for calf thymus DNA. 
Figure 6 shows that, at least on the acid side, the titra- 
tion curves of native and denatured DNA merge at or 
near the pH at which pK,,, is reached; so (pKapp) 
NDNA 'V (pKsPp) DDNA.* (Note that denaturation 
is complete at a lower degree of protonation at low salt 
concentration, as has previously been shown by Bun- 
ville et a/., 1965.) Thus under the conditions examined, 
titration of the native structure to 0.71 equiv of H + h p  
results in complete denaturation of the DNA structure. 
This conclusion is in reasonable accord with the find- 
ings of Bunville et al. (1965) who have shown that acid 
denaturation of a DNA with the base composition of 
calf thymus DNA (42 mole G-C) is initiated at a 
degree of protonation of about 0.6 equiv of H+/np, and 
is complete (all secondary structure lost as assessed by 
hypochromism)at about 1 .O equiv of H+/np for measure- 
ments made at 25" and 0.1 M NaCl. 

2 Accurate titration measurements for native DNA, especially 
on the alkaline side at  low salt, are very difficult to obtain be- 
cause the structural hypersharpening of the titration pushes the 
entire curve up to very high pH values where the corrections 
for the titration of the blank approach the magnitude of the 
DNA contribution itself. The shift in pK.,, with salt concen- 
tration for heat-denatured DNA is the same as for native DNA, 
though the shape of the titration curve itself is different (see 
Figure 6 ) .  

Figure 7 shows pK,,, for both the acid and the alka- 
line limbs of the DNA titration curve as a function of 
log [Na+]. The native and denatured DNA data on the 
acid side are superimposable (as indicated in Figure 6). 
No alkaline pKapP data were obtained with native 
DNA.2 Clearly, at a given temperature, pK,,, (on both 
the acid and the alkaline sides) is a linear function of 
log [Na+]. Thus 

where (PK,,,)~ is the apparent pK at temperature T and 
C 'v -0.65 pH units/tenfold increase in salt concen- 
tration. 

Correlation between DNA Hydrogen-Exchange Rates 
andpH-Titrafion Curces. These results, with their strik- 
ing empirical correlations with the hydrogen-exchange 
results, suggest that the observed rate of exchange de- 
pends primarily upon the proximity of the experimental 
pH to the PIC,,, of the closest limb of the DNA titra- 
tion curve. That is, the smaller ApH (pHex, - pk,,), the 

3 Although the same type of chemical groups are being proto- 
nated and deprotonated on the acid and alkaline sides of the DNA 
titration curves (ix., the endocyclic imino group of either the 
purines or the pyrimidines), the acid limb shows no temperature 
dependence of pKapp over the temperature range 1040",  while 
the temperature dependence of the alkaline limb is marked. 
This may be reconciled by noting that the species which is 
active in deprotonation at alkaline pH is the hydroxide ion. 
Thus pKapp should be defined on the alkaline side on a pOH 
scale, since K,,., the dissociation constant of water, is tempera- 
ture dependent and pOH = pK, - pH. K ,  increases with 
temperature, and it can be calculated that at a fixed pH, pOH 
increases by about 0.3 pH unit/lO" rise in temperature. Such a 
correction to the alkaline pKapp values of Figure 7 makes these 
values also essentially temperature independent. (We are grate- 
ful to Dr. S. W. Englander for suggesting this interpretation to 
us.) 3201 
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FIGURE 5: Continuous pH-titration curves of heat-denatured 
calf thymus DNA in 0.505 (0) and 0.01 M (A) NaCl at 30". 
For detailed titration conditions, see Materials and Methods 
section. 

greater the rate of exchange. This expectation suggests 
that the rate of exchange should pass through a minimum 
when (pK,,, - pKappa) = (pH,,,, -pK,,,b); i.e., at the 
point at which the experimental pH is equidistant from 
pKaPpa and pK,,,b (the acid and alkaline apparent pK's 
for the DNA titration curve). 

This proposal can be subjected to semiquantitative 
test, as follows. (a) Figure 3a shows that in 0.11 M Na+, 
the pH region of minimum exchange is centered around 
pH 7.5-8.0. Figure 7 places the midpoint of the titra- 
tion curve (extrapolated to 0" and 0.11 M Na+) at pH 
-7.7 + 0.3. (b) Figure 3b suggests that in 0.51 M Na+, 
the minimum exchange region is centered at -7.3 + 0.5 
and in 0.02 M Na+ at -8.6 i 0.5. Figure 7 places the mid- 
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FIGURE 6: Continuous acid pH-titration curves of native and 
denatured calf thymus DNA at 40" and two sets of salt 
concentrations. (0) 0.005 M and (0)  0.505 M Na+ and native 
DNA. (0) 0.005 M and (B) 0.505 M Na+ and denatured DNA. 3202 

point of the titration curve at 0.51 M Na+ (and 0') at 
about pH 7.2 + 0.3, and at 0.02 M Na+ (and 0') at about 
pH 8.2 +!0.3. (c) Figure 4b shows that the exchange 
rates of DNA at pH 9.5 and 6.6 are equal at 0.05 M Na+. 
In terms of the correlations we have developed here this 
suggests that the midpoint of the pH titration curve at 
0.05 M Na+ (and 0") should fall midway between these 
pH values, or at pH -8.0. Figure 7 gives a value of 
pH -7.9 h 0.3 for this point. 

Thus these sets of data show that, within the limits of 
error of the measurements, the suggested correlations 
between the pH-titration curves and the effects of pH 
and salt on the hydrogen-exchange curves are indeed 
valid, and for pH values well removed from the pH of 
minimum exchange we may write 

where (H/np), is the number of unexchanged hydro- 
gens remaining at time f ,  C is a proportionality con- 
stant, and IpH,,, - pKapp I is the absolute value of the 
difference in pH between the experimental pH and the 
pK,,, of the nearer limb of the titration curve; and 

where pHmin is the center of the minimum exchange 
rate plateau region, and pKappa and pKapph are the pK.,, 
values relevant to the alkaline and acid limbs of the 
DNA titration curve, respectively. 

We will consider mechanisms which may account for 
these effects in the Discussion. 

Effects of Mgz+. In order to test whether the corre- 
lations outlined above could be extended from sodium 
ion to tightly bound divalent ions such as Mg2+, hydro- 
gen-exchange experiments were carried out with DNA 
at high and low pH valve in the presence and absence 
of Mg2+. The results are shown in Figure 8, in 
which exchange rates for native DNA in 0.005 M Na+, 
with and without 0.001 M Mg2+, are compared at pH 
6.4 (well below the pH region of minimum exchange 
rate for 0.005 M Na+) and pH 8.6 (close to pH,:, for 
0.005 M Na+). The results are clear-cut, and show that 
while M MgZ+ moderately decreases the exchange 
rate at pH 6.4, it markedly increases the rate of exchange 
at pH 8.6. These results suggest that Mg2+ operates sim- 
ilarly, but much more effectively, than Na+ in affecting 
exchange rates. This is borne out by some preliminary 
DNA titrations carried out in the presence of increasing 
quantities of Mg2+ (precipitation occurred in some of 
these experiments; see also Lyons and Kotin, 1965). 
These experiments showed that increasing (small) quan- 
tities of Mg2+ displace both the acid and alkaline pKaPp 
values for DNA titration curves toward lower pH, and 
that the pKaPp is displaced by Mg2+ with 30-50 times 
the effectiveness of the displacement with Na+. For ex- 
ample, we found that in the presence of 0.005 M Na+, 
0.001 M MgZ+ displaced pK.,, about 0.5 pH unit toward 
the acid side. At this ionic strength 0.05 M Na+ would 
be required to bring about a comparable change in pK,,,,,. 

Effects of Tris. In order to demonstrate directly that a 
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potential exchange catalyst (i.e., a proton donor or ac- 
ceptor other than H904+ or H704-; Eigen, 1964) can 
affect hydrogenexchange rates in DNA, we have car- 
ried out experiments in which 0.2 M Tris, adjusted to 
pH 7.7, was added at two separate times to the pool in a 
hydrogen-exchange experiment proceeding under slow- 
exchange conditions (pH 7.7, 0.1 M NaC1, -3"). The 
results are shown in Figure 9, and demonstrate that this 
concentration of Tris is markedly catalytically effec- 
tive, both early and late in the exchange process. Rel- 
evant control experiments (e.g., Figure 2c) show that a 
comparable increase in the concentration of monovalent 
cation at this pH (-0.3 M Na+, since Tris exists 
primarily as the protonated species under these experi- 
mental conditions) would result in a slight decrease in 
exchange rate. Thus this is not a salt effect on the ex- 
change rate. In control melting experiments it was also 
shown that this concentration of Tris has no effect on 
the T,,, of DNA. 

Discussion 

The following facts emerge from this study and earlier 
ones, and must be accounted for in formulating a mech- 
anism of hydrogenexchange for DNA. 

The Role of Structure. Only hydrogens involved in 
interchain hydrogen-bonding exchange slowly enough 
to be detected by these (relatively) slow techniques, 
meaning that structure must somehow be implicated in 
limiting the rate of exchange (eq 4). 

Chemistry of the Exchanging Groups. DNA contains 
two chemically distinct classes of hydrogens involved 
in hydrogen bonding. Each nucleotide pair contains 
one hydrogen attached directly to an endocyclic nitro- 

gen of the purine or pyrimidine (the N1 of guanine and 
the Na of thymine) and one (for an A-T pair) or two 
(for a G-C pair) hydrogens attached to exocyclic amino 
nitrogens (the 6-amino groups of adenine, the 2-amino 
of guanine, and the 4-amino of cytosine). These nitro- 
gens differ widely in basicity, Le., in the ease with which 
they add or lose a proton, and thus if the observed ex- 
change rate of these groups were to depend upon their 
acid strengths we would expect to see two kinetic classes 
of exchangeable hydrogens for calf thymus DNA, one 
containing 1.42 and the other 1.0 H/np, which would 
exchange at rates differing by several orders of magni- 
tude. This is not the case. Under most conditions all 
(>90%) of the interchain hydrogens exchange at com- 
parable rates; Le., as members of kinetic classes which 
differ in rate constant by at most a factor of 10 (and us- 
ually less). 

Size of the Exchange Unit. Theexchange unit for 
DNA appears to be small, and exchange quite non- 
cooperative, under the experimental conditions used 
here. Perhaps the most direct evidence for this is the 
demonstration that short, interchain hydrogen-bonded 
helical regions re-formed upon cooling heat-denatured 
calf thymus DNA exchange at rates comparable with 
fully native DNA (Printz and von Hippel, 1965). 

Correlation with T,. The effect of various solvent 
additives on the melting temperature, T,, of the DNA 
helix provides one criterion of the effect of these changes 
on the structural stability of the DNA helix. No corre- 
lation between T, changes and changes in the rate of 
hydrogen exchange is evident for the variables studied 
here. Thus the T,, of DNA is essentially pH indepen- 
dent between pH 5.5 and 9.5 (e.g., Lewin and Pepper, 
1965). At more extreme values of pH T,,, declines slowly. 3203 
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On the other hand, we have shown that the rate of hy- 
drogen exchange is markedly dependent upon pH be- 
tween pH 5.5 and 9.5. Furthermore, T,,, increases di- 
rectly with log [Na+], up to about 1 M NaCI, at all pH 
values (e.g., Dove and Davidson, 1962; Schildkraut 
and Lifson, 1965), and while the rate of exchange de- 
creases directly with log [Na+] at acid values of pH, the 
inverse is true on the alkaline side of neutrality. 

In addition, McConnell and von Hippel (1968) have 
recently shown that the rate of hydrogen exchange is 
not affected by helix-(T,) destabilizing salts until the 
experimental temperature actually gets into the helix- 
coil transition region. 

Chemical Catalysis. We may ask whether the effects 
of pH and salt concentration on DNA hydrogen ex- 
change are compatible with a direct effect on the chem- 
ical exchange rate, ka.  No simple correlation has been 
found. In amides and peptides hydrogen exchange is 
catalyzed by both acid and base (as well as by other 
acid-base catalysts), and the exchange rate is relatively 
independent of salt concentration. Furthermore, at 
values of pH more than 1 pH unit removed from pHmi,, 
the exchange rate increases by a factor of lO/pH unit 
(e.g., see Berger et al., 1959; Klotz and Frank, 1965; 
Leichtling and Klotz, 1966). On the other hand in DNA 
the rate of exchange is markedly salt dependent, the 
value of pHmi, is also salt dependent and dependent 
upon the pK,,, of the exchanging groups (even though 
exchange of at least the hydrogens attached to the endo- 3204 

cyclic nitrogens of the bases should be diffusion con- 
trolled and thus independent of the pK of the donor 
groups; Eigen, 1964) and nowhere, at least near-neu- 
tral pH, do we observed a tenfold increase in rate with a 
one unit change in pH. 

However Tris (this study) and other proton donors 
and acceptors (McConnell and von Hippel, 1968) 
markedly increase the exchange rate of DNA (at con- 
stant pH and salt concentration) over the entire mea- 
surable exchange curve. The mechanism of the effects 
of general acid-base catalysts on DNA hydrogen-ex- 
change rates will be discussed elsewhere (B. McConnell 
and P. H. von Hippel, in preparation). 

Direct water catalysis might provide a partial expla- 
nation of the relative apparent pH independence of hy- 
drogen exchange at pH values near neutrality in DNA. 
Whereas direct transfer to water has been shown to be 
quite ineffective relative to acid or base or general acid- 
base catalysts in accelerating the hydrogen exchange of 
simple amides (Berger et a[., 1959; Klotz and Frank, 
1965), the rate of exchange or” such groups is markedly 
modified when they occur in a “hydrophobic” environ- 
ment (e.g., see Grunwald et a[., 1960; Eigen, 1964; 
Scarpa et a[., 1967). Thus water catalysis might be appre- 
ciably more effective in the vicinity of the DNA helix 
for hydrogens attached to the DNA structure than for 
hydrogens attached to nucleotides free in solution. 

pH-Titration Curve. In contrast to the factors dis- 
cussed above, the exchange data presented in this paper 
show striking correlations with the behavior of the pH- 
titration curve of DNA. We have shown that the pH at 
which the exchange rate is minimal, pHmin), corresponds 
closely to the pH at the midpoint of the plateau region 
located between the two arms of the DNA titration 
curve, pHmId. Furthermore, changes in salt concen- 
tration shift pH,,, and pHmid in parallel, and at pH 
values well removed from pH,,, the rate of hydrogen 
exchange seems to be inversely proportional to the ab- 
solute value of the diKerence between the experimental 
pH and the pKBpp of the nearest limb of the titration 
curve. 

The initial effect of lowering the solution pH on the 
internucleotide hydrogens of DNA is the protonation 
of the N1 of adenine and the N3 of cytosine (as well as 
the Ni of guanine). The pK,,, for this protonation ranges 
from 3 to 5, depending upon temperature and salt con- 
centration. This protonation leads to a disruption of 
the hydrogen-bonding patterns of the base pairs, and is 
responsible for the onset of acid denaturation of DNA 
at about this pH (e.g., see Bunville el al., 1965). Raising 
the pH leads to an initial deprotonation of N1 of guanine 
and N3 of thymine, with a pK,,, of 10-12, resulting also 
in disruption of the hydrogen bonding of the base pairs 
and alkaline denaturation of the DNA. The values of 
pKapp for the amino groups fall well outside of the pH 
range accessible in aqueous solution. 

We may ask how the above protonation or depro- 
tonation events can so markedly aKect hydrogen-ex- 
change rates at pH values several pH units removed 
from pK.,, (i.e., when only 1 or less nucleotide/lOOO 
are protonated or deprotonated) especially if the ex- 
change units are very small. Obviously there must be a 
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considerable amplification of the effect of these small 
degrees of protonation or deprotonation in their effect 
on hydrogen-exchange rates, and this amplification 
must be introduced through effects on structure. We 
may speculate that if exchange proceeds by a two-step 
mechanism such as shown in eq 4, and if, while open, 
an occasional nucleotide pair were protonated or de- 
protonated as indicated above, the associated exchange 
unit would not close properly (decreased k2) ,  or would 
open again much more easily (increased k l )  because it 
now contains a nucleotide pair which does not possess 
the correct pattern of protonation for proper interchain 
hydrogen bonding. Thus effectively (transiently) this 
site is “propped open,” or reopens more easily; in either 
case the locally relevant K is transiently greatly increased 
and exchange proceeds in this region at disproportion- 
ately greater rates. We shall use the generic term “prop- 
ing” to represent such structure-based effects, to dis- 
tinguish them from direct effects on the chemical ex- 
change process itself. 

Such propping effects may also be produced by other 
agents which interfere with internucleotide hydrogen 
bonding. Thus Printz (1967) has shown that small quan- 
tities of Hg2+ considerably speed up the hydrogen ex- 
change of DNA, and has speculated that this may also 
be a manifestation of internucleotide propping. 

Conclusion. In this paper we have documented the 
effect of pH and salt on DNA hydrogen exchange and, 
by coupling these effects to the properties of the DNA 
pH-titration curve, have begun to formulate a mech- 
anism for the hydrogm-exchange process in DNA. It 
has been demonstrated that hydrogen exchange mea- 
sures a special type of local transconformation reac- 
tion which seems to consist of a relatively noncooper- 
ative local opening-closing process in which internu- 
cleotide hydrogen bonds are broken. Such a process 
may involve little unstacking (e.g., see von Hippel and 
Printz, 1965) and thus would be expected to differ from 
the cooperative local melting processes observed by 
other methods at temperatures somewhat below T,. 
Subsequent papers will deal with the effects of DNA 
base composition, helix destabilizers, and other poten- 
tial acid-base catalysts on the DNA-exchange process, 
and with the analysis of the shapes of the exchange-out 
curves, as well as examine further the exchange behavior 
of denatured DNA and synthetic polynucleotides. These 
studies will provide a background against which one 
can use DNA hydrogen exchange to study various as- 
pects of the conformational motility of the molecule, 
and more importantly, to study the effects on this mo- 
tility of interactions with other biologically relevant 
molecules ( e g . ,  Lees and von Hippel, 1968). 
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The Binding of Adenosine Triphosphate to Myosin" 

L. H. Schliselfeld and M. BQrPny 

ABSTRACT: NaCl is a noncompetitive inhibitor of the 
Mg2+-adenosine triphosphate phosphohydrolase ac- 
tivities of myosin and heavy meromyosin. By employing 
gel filtration chromatography in the presence of [ Y - ~ ~ P ] -  
adenosine triphosphate and 1.50 M NaCI, both myosin 
and heavy meromyosin were observed to bind 1.6 and 
1.7 moles of adenosine triphosphate per mole of pro- 
tein, respectively. The binding of adenosine triphosphate 
by myosin required Mg2+, was inhibited by adenosine 
diphosphate and inorganic pyrophosphate but was un- 
affected by inorganic phosphate. Both myosin and heavy 

T he ATP-binding sites of rabbit skeletal muscle 
myosin and heavy meromyosin (EC 3.6.1.3, ATP phos- 
phohydrolase) have been investigated by various 
methods. A number of investigations on the binding of 
ADP and PPI to myosin and heavy meromyosin sug- 
gested two or three sites per protein molecule (Nauss 
and Gergely, 1967; Young, 1967; Luck and Lowey, 
1968; Kiely and Martonosi, 1968). Nanninga and Mom- 
maerts (1960) determined the ATP-myosin complex 
concentration by the decrease in free ATP resulting from 
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meromyosin appeared to be labeled when precipitated 
in the presence of [14C]- or [azP]adenosine triphosphate 
by rapid addition of neutral (NH4)2SOn. 

The labeling of myosin with radioactive adenosine 
triphosphate required Mg2+ and showed a typical 
adenosine triphosphate saturation curve. It was also 
inhibited by adenosine diphosphate. When myosin 
labeled with [yazP]adenosine triphosphate was dis- 
solved in 10 M urea or washed with cold 0.020 M acetate 
and 1.50 M NaCl (pH 4.9, the radioactivity was released 
as inorganic phosphate. 

the addition of myosin. They concluded that there wits 
one ATP binding site per molecule. Burton and Lowen- 
stein (1964) showed that when a mixture of heavy mero- 
myosin with Mg2+ and ATP was passed rapidly through 
a Sephadex G-25 column at 2", a significant quantity of 
ATP appeared in the protein peak. This last procedure 
showed that ATP was bound to myosin, but it did not 
provide quantitative data. Finally, the perturbation of 
the spectra of myosin and heavy meromyosin at 280 and 
288 mp caused by the binding of ATP and ADP to my- 
osin and heavy meromyosin was employed to demon- 
strate that the dissociation constants of ATP for myo- 
sin and heavy meromyosin essentially were identical with 
their K,  values (Morita and Yagi, 1Y66; Sekiya and 
Tonomura, 1Y67). 

Hununel and Dreyer (1Y62) have shown that passing 
a protein solution through a Sephadex column equil- 
ibrated with an ion which binds to that protein results 
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