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Transformation of Active-Site Lysine in Naturally Occurring 
Trypsin Inhibitors. A Basis for a General Mechanism for 
Inhibition of Proteolytic Enzymes” 

Royce Haynest and Robert E. Feeneyt 

ABSTRACT : Protein inhibitors of trypsin generally fall 
into one of two classes, those requiring a lysine residue 
for activity and those requiring an arginine residue. 
Guanidination of four “lysine inhibitors” (lima bean 
inhibitor and turkey, duck, and cassowary ovomucoids) 
did not abolish their trypsin-inhibitory activities. It did, 
however, make them weaker inhibitors. Amidination 
resulted in almost no detectable inhibitory activity, 
with an important exception of amidinated lima bean 
inhibitor which retained definite activity. An “arginine 
inhibitor” (chicken ovomucoid) was not affected by such 
treatments. The inhibitors in which the active-site lysine 
had been transformed into a homoarginine residue, in 
contrast to the native inhibitors, were now inactivated by 
treatment with 1,2-~yclohexanedione, a relatively spe- 
cific reagent for the modification of arginine. From the 
kinetics of inhibition at different temperatures and 
different solution viscosities, the rate-determining step in 

M odification of the amino groups in several natu- 
rally occurring trypsin inhibitors has resulted in a loss of 
the inhibitory activity (Fraenkel-Conrat et af., 1952; Ste- 
vens and Feeney, 1963 ; Simlot and Feeney, 1966; Haynes 
et al., 1967). Inhibitors which appeared to have essential 
lysine residues included lima bean inhibitor, bovine co- 
lostrum inhibitor, and ovomucoids of turkey, duck, 
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inhibition appeared to be a monomolecular process fol- 
lowing formation of the initial Michaelis-type complex. 
Since the peptide bonds of the lysine derivatives pre- 
pared should not be cleaved by trypsin, it was concluded 
that proteolysis of the inhibitor by the enzyme is not 
essential for inhibition, and that the rate-limiting step is 
most probably a conformational change. A general 
mechanism is proposed for the inhibition of proteolytic 
inhibitors. 

The active site of the inhibitor is a specific 
amino acid residue for which the enzyme has specificity. 
In the case of trypsin inhibitors, this would be a par- 
ticular lysine or arginine. In order for a protein to be an 
inhibitor two requirements must be met. (a) The enzyme 
must have a high affinity for the inhibitor at this residue. 
(b) The peptide bond of this residue is relatively resis- 
tant to proteolysis and is cleaved very slowly or incom- 
pletely, if at all, by the enzyme. 

cassowary, and penguin. By kinetic analysis it was con- 
cluded that a specific lysine residue was essential for the 
trypsin-inhibitory activity of several of the inhibitors 
studied (Haynes et at., 1967). Soybean trypsin inhibitor 
and chicken ovomucoid, which are not inactivated by 
modification of their amino groups, were inactivated by 
modification of their arginine residues with 1 ,Z-cyclo- 
hexanedione (Liu et at., 1968). Since trypsin is fairly 
specific for the hydrolysis of bonds involving lysine or 
arginine side chains, and does not readily hydrolyze 
their derivatives, these observations supported the hy- 
pothesis that a specific lysine or arginine residue was 
essential for the activity of naturally occurring trypsin 
inhibitors. A general mechanism of action for these in- 
hibitors involving proteolytic cleavage at this specific 2879 
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residue has been proposed by Laskowski and coworkers 
(Finkenstadt et al., 1965; Finkenstadt and Laskowski, 
1965; Ozawa and Laskowski, 1966; Finkenstadt and 
Laskowski, 1967). Based on the results presented in this 
paper and those of previous work from this laboratory, 
we are proposing a different mechanism which appears 
to fit almost all of the experimental observations ob- 
tained both in other laboratories and in our own. 

Materials and Methods 

Materials. Salt-free crystalline preparations of bovine 
trypsin, bovine a-chymotrypsin, and soybean trypsin 
inhibitor were purchased from Worthington Biochem- 
ical Corp. The avian ovomucoids were those used in a 
previous study (Haynes et al., 1967). The inhibitor from 
lima beans was prepared by the method of Jones et al. 
(1963), and corresponded to peak 6 from DEAE-Seph- 
adex chromatography by the modified procedure of 
Haynes and Feeney (1967). The 0-methylisourea sulfate 
was purchased from K & K Laboratories, and 1,2- 
cyclohexanedione was purchased from Aldrich Chem- 
ical Co., Inc. Casein and 2,4,6-trinitrobenzenesulfonic 
acid (TNBS)' were purchased from Nutritional Bio- 
chemicals Corp. The trypsin substrate, p-tosyl-L-argi- 
nine methyl ester (TAME) was purchased from Sigma 
Chemical Co. Sephadex G-25 was purchased from 
Pharmacia Fine Chemicals. Ethyl acetimidate was syn- 
thesized according to the method of McElvain and Nel- 
son (1942) and stored in an evacuated desiccator. 

Guanidination was done by incubating the protein ( 5 
mg/ml) in 0.5 M 0-methylisourea and 0.01 M EDTA (pH 
9.5) for 60 hr at room temperature. The reaction was 
stopped and the reagents were removed by passing the 
solution through a column of Sephadex G-25 equil- 
ibrated with 0.05 M acetic acid. Fractions containing 
protein were pooled and lyophilized. Control samples 
were treated in an identical manner except for the 
absence of the 0-methylisourea. Protein recoveries were 
all greater than 90 %. 

Amidination was done by incubating the protein (5  
mg/ml) in 0.5 M ethyl acetimidate, 0.1 M sodium borate, 
and 0.01 M EDTA (pH 9.5) for 5 hr at 4". The reaction 
was stopped and the reagents were removed by passing 
the solution through a column of Sephadex G-25 equil- 
ibrated with 0.05 M acetic acid. Fractions containing 
protein were pooled and lyophilized. Control samples 
were treated in an identical manner except for the ab- 
sence of the ethyl acetimidate. Protein recoveries were 
all greater than 90%. 

Modijication with 1,2-cyclohexanedione was done by 
incubating the protein (3 mg/ml) in a solution contain- 
ing 0.1 M triethylamine, 0.01 M EDTA, and 0.015 M 1,2- 
cyclohexanedione (pH 10.0) for 12 hr at room temper- 
ature. The samples were then dialyzed against several 
changes of deionized water and lyophilized. 

Abbreviations used that are not listed in Biochemistry 5, 
1445 (1966), are: TNBS, 2,4,6-trinitrobenzenesulfonic acid; 
TAME, p-tosyl-i-arginine methyl ester; TPCK, ~-1-chloro-3- 
tosylamido-4-phenyl-2-butanone; TLCK, 1-chloro-3-tosylamido- 

2880 7-amino-2-heptanone, 

Determination of Amino Groups with TNBS. The num- 
ber of free amino groups in both the native and mod- 
ified proteins was determined with TNBS, as previously 
described (Haynes et al., 1967). 

Amino acidanalysis was done according to the method 
of Moore and Stein (1962) on single 24-hr hydrolysates. 
A Technicon Autoanalyzer was used. 

Inhibitory Assays. Spectrophotometric assays for in- 
hibitory activity against trypsin with TAME as the sub- 
strate were done according to the method of Hummel 
(1959), modified for the assay of inhibitors. Assays for 
inhibitory activity against trypsin and chymotrypsin with 
casein as the substrate were done according to the 
method of Laskowski (1955). 

Determinations of Rates of Inhibition. The rates of in- 
hibition of trypsin by various native and modified tryp- 
sin inhibitors were determined at 10, 25, and 40". The 
general procedure was as follows. HC1 (0.001 M) (0.2 
ml) containing the enzyme was pipetted into a quartz 
cuvet. Then 2.6 ml of assay buffer containing an equi- 
molar amount of inhibitor was added rapidly with 
vigorous mixing, and the mixture was incubated for 
various periods of time. At the end of the incubation 
period, 0.2 ml of the substrate (TAME) solution was 
added on a swizzle stick which was plunged up and 
down rapidly in the solution to ensure complete mixing. 
This almost completely prevented further formation of 
complex during the assay period. The change with time 
in absorbance of the solution at 247 mp was recorded 
on a Cary 15 spectrophotometer. The slope of this line, 
when compared with that for the same amount of en- 
zyme in the absence of inhibitor, reflects the proportion 
of the enzyme which was not inhibited during the in- 
cubation period. The cell compartment of the spectro- 
photometer and all of the solutions were maintained at 
the desired temperature (=kO.l"). To study the effect of 
viscosity on the rates of inhibition, several rates were 
also determined in the presence of 20% sucrose at 20". 

Results 

Guanidination and Amidination. The number of free 
amino groups in the original and modified inhibitors 
are given in Table I. There appeared to have been nearly 
complete modification of the amino groups by amidin- 
ation and extensive modification by guanidination. 
Amino acid analyses showed greater than 80 % conver- 
sion of lysine into homoarginine in all the guanidinated 
samples. 

When the guanidinated inhibitors were assayed for 
trypsin-inhibitory activity using the esterolytic assay, 
chicken ovomucoid and lima bean inhibitor were fully 
active. The other guanidinated inhibitors were ap- 
parently inactive. However, when the same samples were 
assayed using the caseinolytic assay, they all had in- 
hibitory activity. The stoichiometry of the inhibition by 
cassowary, duck, or turkey ovomucoid could not be 
accurately determined since a plot of enzyme activity 
us. amount of added inhibitor was nonlinear. The re- 
sults with turkey ovomucoid are given in Figure 1. 
Nevertheless, from point assays at the lowest inhibitor 
concentrations, each of the guanidinated inhibitors ap- 
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FIGURE 1 : Trypsin-inhibitory activity of native and guani- 
dinated turkey ovomucoid against 15 pg of trypsin with 
casein as the substrate. (0) Turkey ovomucoid (TO); (0) 
guanidinated turkey ovomucoid (Gu-TO). 

peared to have retained greater than three-fourths of its 
inhibitory activity. The absence of detectable activity in 
these three guanidinated ovomucoids, using the estero- 
lytic assay, was apparently due to the fact that the dis- 
sociation constants for the enzyme-guanidinated in- 
hibitor complexes were much higher than those for the 
native inhibitors. This would then enable the TAME to 
compete much more effectively for the enzyme and to 
displace the guanidinated lysine inhibitors from the en- 
zyme more rapidly. The assays of the guanidinated lima 
bean inhibitor were probably not seriously affected by 
such factors, since the dissociation constant and the rate 
of displacement were still low enough for an initial rate 
to be determined. Inhibitory activities could be demon- 
strated in the caseinolytic assays, since casein has a much 
higher K ,  than does TAME and thus does not compete 
as effectively for the enzyme. 

TABLE I: Effects of Guanidination and Amidination 
on the Number of Free Amino Groups in Proteolytic 
Enzyme Inhibitors. 

Number of Free Amino 
Groups/Moleculea 

Guani- 
din- Amidin- 

Inhibitor Native ated ated 

Turkey ovomucoid 12.3 1 . 4  <0.1 
Cassowary ovomucoid 18 .3  1.2  <0.1 
Duck ovomucoid 17.7 1 .2  <0.1 
Chicken ovomucoid 14.1 0 . 6  <0 .1  
Lima bean inhibitor 5 . 5  1 .2  <0.1 

a Calculated on the basis of molecular weights of 
28,000 g/mole for the ovomucoids and 9000 g/mole for 
lima bean inhibitor. Amino groups determined by 
trinitrobenzenesulfonic acid (Haynes et af., 1967). 
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FIGURE 2: Trypsin-inhibitory activity of amidinated lima 
bean inhibitor and amidinated turkey ovomucoid against 
15 pg of trypsin with casein as the substrate. (0) Amidinated 
lima bean inhibitor (AM-LBI); (0) amidinated turkey 
ovomucoid (AM-TO). 

With the amidinated inhibitors, no inhibitory activity 
was detected in any of the lysine inhibitors by the ester- 
olytic assay. Using the caseinolytic assay, very slight 
inhibitory activity was detected in the amidinated turkey, 
cassowary, and duck ovomucoids. The amidinated lima 
bean inhibitor was more active. The results with lima 
bean inhibitor and turkey ovomucoid are given in Fig- 
ure 2. 

Since other modifications of the amino groups in 
several lysine inhibitors abolished their activity (Haynes 
et af., 1967), it was surprising to find that these same in- 
hibitors retained much of their activity after guanidina- 
tion. This retention of activity could not have been due 
simply to the retention of a positive charge at the active 
site, because the activity of the amidinated derivatives 
was barely detectable, even though these derivatives also 
retain a positive charge.2 When the guanidinated in- 
hibitors were subsequently modified with TNBS, there 
was no detectable loss of activity. This indicated that the 
activity of these derivatives was not due to lysine resi- 
dues which had escaped guanidination. It appeared, 
therefore, that homoarginine was functioning as the 
primary binding site on the inhibitor in place of lysine. 
The activity of amidinated lima bean inhibitor indi- 
cated that e-acetamidyllysine could also function in the 
binding site of the inhibitor, although with a much lower 
affinity than homoarginine or lysine. 

Neither amidination nor guanidination had any de- 
tectable effect on the trypsin-inhibitory activity of 
chicken ovomucoid. Such a result was not unexpected, 

*The  amino groups of turkey ovomucoid have also been 
modified by another method which causes only a relatively small 
change in charge (Means and Feeney, 1968). This method was 
reductive methylation of the amino groups to form predomi- 
nantly the dimethylamino derivatives. The trypsin-inhibitory 
activity was destroyed but there was no  effect upon the chymo- 
trypsin-inhibitory activity. The effect on one inhibitory activity, 
with no effects on the other inhibitory activity, is another exam- 
ple of the specificity of the groups involved and, indirectly, of 
specific interactions between enzyme and inhibitor. 288 1 
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TABLE 11: Second-Order Rate Constants for the Inhibi- 
tion of Trypsin by Several Naturally Occurring Trypsin 
Inhibitors: 

Second-Order Rate 
Constant for Inhi- 

bition ( k  = 1 
mole-' sec-I X 

Inhibitor 106) 

Turkey ovomucoid 0.97 
Chicken ovomucoid 2.7 
Soybean trypsin inhibitor 8.2b 
Lima bean inhibitor 1 . 4  
Guanidinated lima bean inhibitor 11.Ob 

a Assay conditions were: 0.04 M Tris-HC1-0.01 M 
CaC12 (pH Kl), 25"; the concentrations of both en- 
zyme and inhibitor in the incubation mixture were 3.11 
x 10-8 M. b The degree of error in these values may be 
fairly large (f 15 %) when attempting to measure such 
comparatively high rates due to limitations in the 
experimental method. 

since chicken ovomucoid is an arginine inhibitor and 
not a lysine inhibitor. These modifications also did not 
affect the chymotrypsin-inhibitory activity of duck or 
turkey ovomucoid or of lima bean inhibitor. 

Estimations of Rates of Znhibition of Trypsin. The rates 
at which trypsin is inhibited by various inhibitors are 
given in Figure 3 and the estimated second-order rate 
constants are given in Table 11. Soybean trypsin inhib- 
itor was included in this study for comparative purposes 
because of its relatively high rate of reaction with tryp- 
sin. Our value of 0.82 X 10' 1. mole-' sec-I compares 
favorably with the value of 2 X lo7 1. mole-' sec-1 as 
reported by Green (1957). The energies of activation for 
inhibition by lima bean inhibitor and by turkey ovomu- 
coid were 7.1 and 8.2 kcal per mole, respectively. No sig- 
nificant differences were observed when the rates of in- 
hibition were determined in the presence or in the ab- 
sence of 20 % sucrose. 

Modification of Arginine Residues and Homoarginine 
Residues with I ,2-Cyclohexanedione. It was reasoned 
that, if a homoarginine residue was now functional in 
several of the guanidinated inhibitors, rather than a ly- 
sine residue, they should now be susceptible to inac- 
tivation with 1 ,2-~yclohexanedione. This reagent has 
been shown to react with arginine residues in proteins 
(Toi et al., 1965, 1967), and would also be expected to 
react with homoarginine residues. The results of such 
modification are given in Table 111. The guanidinated 
lima bean inhibitor and the guanidinated turkey ovo- 
mucoid were extensively inactivated, whereas the orig- 
inal inhibitors were only partially inactivated. The loss 
in activity of the native lima bean inhibitor and of the 
turkey ovomucoid was due to a side reaction of 1,2- 
cyclQhexanedione with lysine residues (Liu et al., 1968). 
The. native and the guanidinated chicken ovomucoid 2882 

TABLE III: Effects of Treatment with 1,2Cyclohexane- 
dione on the Trypsin-Inhibitory Activity of Native 
and Guanidinated Trypsin Inhibitors.. 

Inhibitor 

Native chicken ovomucoid 
Guanidinated chicken ovomucoid 
Native lima bean inhibitor 
Guanidinated lima bean inhibitor 
Native turkey ovomucoid 
Guanidinated turkey ovomucoid 

% Residual 
Trypsin-Inhibitory 

Act.b 

37 
35 
73 
13 
83 
12 

a Method of treatment with 1 ,2-cyclohexanedione is 
described in text. b Values for chicken ovomucoid and 
lima bean inhibitor were obtained from assays with 
ester substrate; those of turkey ovomucoid were from 
caseinolytic assays. 

were about equally inactivated, as expected, since 
chicken ovomucoid is an arginine inhibitor. 

Discussion 

The rates at which trypsin is inhibited by various, 
naturally occurring inhibitors (Figure 3, Table 11) 
appear to conform to second-order kinetics. Green 
(1957) and Simlot and Feeney (1966) have also reported 
second-order rates of inhibition with several inhibitors. 
However, the results obtained in this work cannot be 
explained by the simple equation E + I EI, where 
E represents enzyme, I the inhibitor, and E1 their com- 
plex. According to this equation, inhibition might be 
expected to be a diffusion-controlled, second-order pro- 
cess. From Table I1 it can be seen, however, that chicken 
ovomucoid, which has approximately the same molec- 
ular weight as turkey ovomucoid (Osuga and Feeney, 
1967), inhibits trypsin at more than double the rate of 
turkey ovomucoid. Perhaps more importantly, the en- 
ergies of activation for inhibition, 7.1 and 8.2 kcal per 
mole for lima bean inhibitor and turkey ovomucoid, 
respectively, and 10.3 to 11.3 kcal per mole for bovine 
pancreatic trypsin inhibitor (Green, 1957), are higher 
than would be expected from a diffusion-controlled pro- 
cess. The observation that the rate of inhibition was ap- 
parently independent of the viscosity of the medium in- 
dicates that the rate-limiting step is not the formation of 
the initial enzyme-inhibitor complex, but rather is a 
monomolecular process. The simplest equation which 
fits the above observations is 

ki k? 

k -1 k -2 

E + I (EI) (EI)+ 

where k...l >> k z  >> k-2. 
The above results might appear to support the mech- 

anism proposed by Laskowski and coworkers (Finken- 
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stadt et al., 1965; Finkenstadt and Laskowski, 1965; 
Ozawa and Laskowski, 1966 ; Finkenstadt and Laskow- 
ski, 1967). They proposed that the mechanism of in- 
hibition consisted of the enzymatic cleavage of an es- 
pecially sensitive Arg-X or Lys-X peptide bond in the 
inhibitor, with the probable formation of an acyl bond 
between the active-site seryl residue of trypsin and the 
reactive-center arginyl or lysyl residue of the inhibitor. 
However, there is now considerable evidence indicating 
that this mechanism ought not be considered a gen- 
eral mechanism of action. Peptide-bond cleavage in cer- 
tain inhibitors, even though the cleavage may occur at 
the active-site residue, probably occurs subsequently 
to the inhibition and is not an integral part of it. a 

In the present work it has been shown that homo- 
arginine and, at least in the case of the lima bean inhib- 
itor, e-acetamidyllysine can function as the reactive- 
site residue in place of lysine in the lysine inhibitors. It 
is not surprising that homoarginine inhibitors are ca- 
pable of binding to trypsin, since esters of homoarginine 
are substrates for trypsin (Kitagawa and Izumiya, 1959; 
Baines et al., 1964). These compounds, however, have 
much higher K,.,, values than do the corresponding 
lysine or arginine derivatives. The K,.,,, values for the 
methyl esters of the a-N-toluene-p-sulfonyl derivatives 
at 25 a are 4.18 X l O P  M (pH 8.0), 6.4 X M (pH 8.4), 
and 3.32 X lop4 M (pH 8.4) for lysine (Elmore et a[., 
1967), arginine, and homoarginine (Baines et al., 1964), 
respectively. The conversion of lysine into homoargi- 
nine in the inhibitors is likewise reflected in weaker in- 
hibition by these proteins (Figure 1). The work of Weil 
and Telka (1957) and Shields et al. (1959) showed that 
the peptide bonds of homoarginine, in the proteins 
which they studied, could not be cleaved by trypsin even 
after prolonged incubation. Peptide bonds involving 
t-acetamidyllysine are also not cleaved by trypsin 
(Hunter and Ludwig, 1962). Since the active-site lysine 
of these lysine inhibitors can be converted into a residue 
whose peptide bond should not be cleaved by trypsin, 
it appears unlikely that peptide-bond cleavage is a nec- 
essary part of the mechanism of inhibition. 

Laskowski and coworkers (Finkenstadt et a[., 1965; 
Finkenstadt and Laskowski, 1965 ; Ozawa and Laskow- 
ski, 1966) reported that treatment of soybean trypsin 
inhibitor or chicken ovomucoid with trypsin in acidic 
solution and with carboxypeptidase B inactivated the 
inhibitors. They concluded, therefore, that inhibition 
occurred by peptide-bond cleavage. However, Feinstein 
et al. (1966) found that turkey and cassowary ovomu- 
coids, after similar treatment, were almost fully active. 
Cleavage of especially susceptible bonds in these inhib- 
itors by trypsin cannot, therefore, be essential for in- 
hibition. Foster and Ryan (1965) and Feinstein and 
Feeney (1966) have also shown that several trypsin and 

3 Proteolysis by trypsin may also occur to the extent that the 
inhibitor is completely inactivated. Gorini and Audrian (1952) 
first observed inactivation of chicken ovomucoid by trypsin 
when the two proteins were present as the compIex in neutral 
solution. Whether this more extensive effect is related to hydrol- 
yses occurring near the reactive site of the inhibitor discussed 
above is not evident at this time. 
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FIGURE 3: Time course for the inhibition of trypsin by 
equimolar quantities of various trypsin inhibitors at 25". 
(C) Native lima bean inhibitor (LBI); (0) guanidinated 
lima bean inhibitor (Gu-LBI); (a) turkey ovomucoid 
(TO); ( z )  chicken ovomucoid (CO); (0) soybean trypsin 
inhibitor (SBI). In these assays, the inhibitors and the 
trypsin are incubated together for the times indicated and 
then substrate was added rapidly and the initial enzyme 
activity was determined. 

chymotrypsin inhibitors can form stable complexes with 
inactive derivatives of these enzymes. Since these de- 
rivatives are devoid of any hydrolytic activity, peptide- 
bond cleavage cannot be required either for the forma- 
tion of a stable complex or, presumably, for inhibition. 
This would thereby preclude peptide-bond cleavage 
from any significant role in a general mechanism of in- 
hibition (Haynes and Feeney, 1968). 

The pK, between 3 and 4, for the soybean trypsin in- 
hibitor-trypsin interaction (Sheppard and McLaren, 
1953; Estermann and McLaren, 1962) is similar to that 
observed in the interaction between trypsin and inhib- 
itors which interact with the substrate binding site of 
the enzyme, but which do not form covalent bonds 
(D'Albis and Bechet, 1967). The latter authors have also 
observed a proton overshoot when benzylamine inter- 
acts with trypsin at pH values below 3.3. The proton 
overshoot and the time of about 5 min required to attain 
the final protonic equilibrium (J. J. Bechet, personal 
communication) are similar to the results obtained by 
Laskowski and coworkers with soybean trypsin inhib- 
itor at low pH (Lebowitz and Laskowski, 1962; Finken- 
stadt and Laskowski, 1965). The latter authors concluded 
from the proton overshoot that the trypsin-inhibitor in- 
teraction involved consecutive reactions, the second of 
which could be due to alteration of the inhibitor by the 
enzyme. It was implied that this alteration was the cleav- 
age of a peptide bond. However, in the case of benzyl- 
amine, no change can be brought about in the inhibitor 
and, therefore, the proton uptake can better be ascribed 
to a conformational change in the enzyme. 

Since it now appears that proteolysis should not be 2883 
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On the Kinetics of Hydrogen Exchange in Deoxyribonucleic Acid. 
pH and Salt Effects* 

Morton P. Printz and Peter H. v o i i  Hippel 

AHSI K A C ' I  : The hydrogen-exchange kinetics o f  native 
calf thymus deoxyribonucleic acid have been studied 
a h  a function of pH and salt concentration using a tri- 
tium--Sephadex method. Previous work had demon- 
ztrated that only hydrogens involved in interchain hy- 
drogen bonds in deoxyribonucleic acid exchange suffi- 
ciently slowly (t1l2 = >50 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 pH,,,, the rate of exchange increases di- 
rectly with log [Na+]; at pH values below pHmi, the 
rate decreases with log [Na']. PH,~,~ also shifts to  lower 

H ydrogen exchange as a potential method of mac- 
romolecular conformation analysis was introduced and 
first developed by Linderstrom-Lang and his colleagues 
(P .R . ,  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 
( 1  Y66), Harrington et  nl. (1966), and Englander (1967)). 

More recently, this approach has also been extended 
to an analysis of DNA structure (Printz and von Hippel. 

* From the Rockefeller University, Neu York, N ~ H  York 
10021, and the Department of Chemistry and Institute of 410- 
Iecular Biology, University of Oregon, Eugene, Oregon 97403. 
Receired June 24, 1968. Most of the experimental work reported 
here was performed while the authors were members of the staff' 
of the Department of Biochemistry, Dartmouth Medical School, 
Hanover, N. H. 03755. Presented in part at the 49th Annual 
Meeting of the Federation of American Societies for Experimen- 
t s l  Biology, April 1965, Atlantic City, N. .I. This research was 
supported by U. S .  Public Health Service Research Grants 
AM-03412, AM-12215, and AM-02493 from the National In- 
stitute of Arthritis and Metabolic Diseases, and by Postdoctoral 
Fellowship 5-F2-GM-13,156 (M. P. P.), Research Career Pro- 
gram Award 2-GM-K3-5479 (P. H. von H.), and Research Granr 
GM-15792 from the National Institute of General Medical Sci- 
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pH valuea az the salt concentration is increased. Thest. 
tindings correlate directly with salt-induced changes 111 

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 rate of exchange at a pH 
removed from pH,,;,, is inversely related to the absolute 
value of the difference between the experimental p H  
and the pK,,,, of the nearer limb of the titration curve. 
The results of this study are discussed in ternis of ti sim- 
ple two-step exchange model (see eq 3 of text) involv- 
ing a struclLire-controlled opening--closing reaction 
characterized by forward and reverse rate constants. k :  
and k y ,  and an over-all rate constant for the chemical 
exchange process. ha.  Attempts are made to separate 
pH- and salt-induced changes inexchange rate into struc- 
tural ( k l  and k , )  and chemical ( k : j )  effects. 

1965: von Hippel and Printz. 1965), using the tritiuni- 
Sephadex method introduced by Englander (1963). I[ 
has been shown that the potentially exchangeable h y -  
drogens of DNA (hydrogens attached to nitrogen and 
oxygen; carbon-bound hydrogens do not exchange with 
solvent tritium 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), cs. 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,hp)o, originally present 
in the structure. It has been shown (at pH 7-8 in 0.1 hi  

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 t o  

I' H I 'v I . /  \ N I) \/ 0 N 1-1 I I' I' t I. 
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