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ABSTRACT .. 

The inter.action between pancreatic ribonuclease 
and calf thymus DN.A is studied as a function of kinetics and 
binding. It is found that native and denatured DN.A bin~ 
strongly to RNas-e, and that the ratio . Kdenl¾at = 5 ~7. It is 

also show.a that at .appr.oximately equal concentrations of Rl\fA 
and DNA, . denatured DNA inhibits RNase hydrolysis of RNA by 
83 %, and native DNA inhibits by 43 %. A gel method is found 
to be unsatisfactory for studying the binding of RNase to 
pyrimidine oligonucleotides; equilibrium dialysis is then tried, 
and the KB for the interaction between RNase and dinucleoside 
monophosphate is found to be approximately equal to 9. The 
kinetics of RJ.~ase activity is discussed and an experiment 
proposed for studying the enzy.ma·•s mechanism. 



INTRODUCTION 

The interactions of proteins and DNA have been 
extensively studied during the past few years, inspired by 
the possibility that proteins have a role in regulating the 
performance of the biological functions of DNAT-in particular, 
its replication and the reading of the genetic code (Felsenfeld, 
et. al., 1963). Ribonuclease is especially interesting, since 
its substrate has a structure so similar to that of DNA, and 
thus DNA might be expected to have similar interactions vrith 
RNase, vdth the same sort of specificities. IJG may vvell be, 
therefore, that RNase has preferred binding sites on the DNA 
molecule--namely pyrimidine nucleotides. Also, since RNase 
seems to have a destablizing effec~upon the helical structure 
of double stranded DNA (Felsenfeld, et. al., 1963), and seems 
to react differently to\native and denatured DNA, it seems 
profitable to also study the generalized aspects of the binding 
of ribonuclease to DNA. 

The author's research falls into three broad categories, 
e.ach .. of which shall ~be treated separately: 

a) The binding of ribonuclease to whole calf thymus 
DNA and its effect on the enzymatic activity of 
the protein. 

b) The binding of ribonuclease to oligodeoxyribo­
nucleo-tides. 

c) The enzymatic activity of ribonuclease. 
The third topic, while not directly related to the 

first tvv0, treats problems which naturally arose as a result 
of the methods used in the first phase of research. 



I Binding to DNA; Luibition of Ribonuclease Acitivity 

Experimental--Inhibition expcri.rients were performed 
in a buffer containing 0.01 !.NaCl, 0.001 F l'Ja2HP04, and 0.001 

z NaH2Po4 (pH 6.86). Binding studies v.rere performed in 0.01 F 

NaCl, 0.001 F Tris (pH 7.3). Bovine pancreatic ribonuclease A 
(Worthington Biochemical Corp., lot RAF 6507) was used without 
further purification. Ribonuclease solutions contained bovine 
seri..un albumin (Pentex) in a weight ratio of 40:1 to minirn.ize 
RNase adsorption to the walls of glass containers; such solutions 
retained 80 % of their original a'ctivi ty after storage for one 
month under refrigeration. Calf thymus DNA (Worthington lot 
DNA 630) v-ras found to contain a substantial a:mount of R.Nase 
activity, but this was removed by phenol extracting the DNA 
three times. Denatured DNA vms prepared by boiling a sample 
of native DNA for 1-3 minutes, . then immediately immersing the 
sample in an ice bath ( o° C). Yeast RNA ( Calbiochem or I/Ia.rm 

Research Laboratories) was used without further purification 
for the ribonuclease activity ass~y. All spectral measurements 
were performed on a Cary 14 automat~c recording spectrophotometer. 

The assay for ribonuclease activity was modified from the 
version of the Kunitz assay (1940) outlined by Felsenfeld, et. 
al. (1963): 

An assay mixture containing the RNase sample, 0.56 
ing/rnl 11.Ll"A, 90~g of :BSA, and buffer made up to 
1.900 ml, was allowed to react for 15 minutes at 
37° C. The reaction ·was then terminated by adding 
0.100 ml 1.5 % uranyl acetate in 25 % HC104 , then 
letting the mixure stand at o° C for at least ten 
minutes .... ·:The mi:x:ture v,ras then centrifuged for 20 
minutes at 20,000 rpm (using an SW 39 rotor in •.•. 
either a Model Lor a Model L-2 centrifuge). The 
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supernatant vms decanted and diluted by 1/6, 
and its absorbance read at 260 rrl}-l• 

Before each experiment the relative ?,ctivity of the 
enzyme solution was determined, in order to avoid using 
degraded solutions in an experiment. This activity was 
compared to a standard increase in absorbancy (A260 ) of 
8.000 (for a sample not diluted by 1/6) for an assay mixture 
containing 1.18 mg/ml RNA and 0.22 µ.g/ml RNase from a 
freshly made solution. 

Inhibition experiments were performed using a 
standard assay mixture vrith either native or denatured · DNA 
added. The procedure was the same as above, except that 
the DNA and RNase were mixed and allowed to equilibrate at. 
37° C in a constant temperature bath, after v-ihich the 
specified amount of RNA was added and the standard assay 
procedure perfo:rm.ed. 

The binding of ill1Tase to DNA was studied by boundary 
"sedimentation. Samples vrere made up in a O - 20 % sucrose 
gradient, having throughout a constant concentration of DNA, 
RNase (2.5µ.g/ml), and buffer (see above). Three tubes were 
prepared for each experiment-,--the first, a control, contained 
no DNA; the second contained native DNA; and the third, DNA 
denatured by the process described above . . The sedimentation 
was carried out-at o° C:, in a Beckman Model L-2 ultracentrifuge, 
using an SW-50 rotor. Runs were made at a speed and time 
sufficient to pellet the DNA; fractions were then collected, and 
the pellet resuspended. The DNA content of each fraction, and 
of ;the pellet, was determined spectrophotometrically, and the 
fractions were then diluted so that the RNase concentration of 
each was low enough to assay accurately. RJ.'\fase content of each 
fraction was determined by means of the activity assay described 
above, with a suitable correction made for the inhibition of 
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enzymatic activity by the DNA present in the fraction. Tv-10 

such runs were made--one for 20 hours at 45,000 rpm, and a 
second for JO hours at 36,000 rpm. 

Results and discussion--The results of the inhibition 
experiment are shown in figure l; the percent of activity is 
determined as a function of the. weight ratio: ~of DNA to RNA in 
the reaction mixture. ,The activity is determined by comparing 
the absorbance increase due to RJ\Tase activity in an RNA-DNA 
mixture to that £ound for a standard reaction mixture containing 
no DNA. Since the activity measures the rate of production of 
acid-soluble polyribonucleotides, what the experiment measures 
is the effect of the presence of DNA on the rate of hydrolysis 
of RNA by ribonuclease. It will be:noticed that the presence of 
denatured DNA in the reaction, mixture in about the same concen.:.. '. 
tration as RNA showed an inhibition of 83 % (about 17 % of the 
original activity remaining), while native DNA present in about 
the same .quantity slowed the enzymatic reaction by only 43 %. 
(.I:n...½.ibition. was not . found for native DNA-RNA ratios of less than 
0.750, but it is felt that these measurements, rather than the 
one at high DNA concentration, were the artifacts--i. e., that 
native DNA does indeed inhibit ribonuclease activity, but to a 
much smaller degree than does heat-denatured DNA.; 

The firs:t sedimentation run was made with a sample 9f_.: 

native DNA with A260 =, 4:.4, (about 0.2 mg/ml) and a sample of 
denatured DNA with A260 = 5.3 (the same concentration). 
Unfortunately the tube containing the standard collapsed during 
the run, and the standard was lost. ·:rhus fractions were not 
taken in the other tubes--the pellet and supernatant of each 
were analyzed separately . . The data obtained were thus crude, 
but indicated that in the sample containing native DNA at least 
84.5 % of the enzyrae in the tu.be was bound to DNA, while the 
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denatured DNA had bound at least 92.5 % of the RNase. In . 

the second run, the sample with native DNA had an optical 
density of 1. 23 (about 55 }-I g/ml), while the sample vri th 
denatured DNA had an A260 = l .. 59.. · Fractions were collected 
and analyzed separately for DNA content and ribonuclease 
activity. The data from this experiment indicated that the 
denatured DNA had bound essentially all the RNase present 
(fractions in the center of the tube showed traces of activity, 
but this was attributed to the binding of RNase to small 
fragments of DNA produced by degradation either during the 
phenol extraction or the relatively violent process of 
heat denaturation~, while in the sample with native DNA 
75 - 85 % of the enzyme was bound to DNA. These data, vrhile 
encouraging, provide little definit1ve information. regarding 
the strength of the interaction between RNase and denatured 

·DNA. A competition study between native and denatured DNA 
in the electrophoresis apparatus described by Olivera, et. al. 
(1964) proviqed the needed data. In this experiment, a mixture 
of RNas_e, anci native and denatured. calf. thymus DNA v,ras subjected 
to electrophoresis until the native and denatured components of 
the fraction were resolved (It was possible to identify the 
native fraction as the leading one, as the electrophoretic 

0 

mobility of native DNA has been shown to be 15 % higher than 
that for denatured DNA (Olivera, et. al., 1964)), and each fraction 
was then assayed for -R.Nase activity, Denatured and native DNA 
were found to bind RNase in a ratio of about 5.7: 1. These data, 
along with the·sedimentation results, imply a~ of 10.8 f-g/ml 
(corresponding to 3.44 X 10-5- moles of nucleotide per liter) for 
native DNA and 1.9f-g/ml (or 6.05 X 10-6 M nucleotides). • 

The binding and inhibition data agree reasonably well 
with the findings of Felsenfeld, et. al. (1963). Felsenfeld 
found that wi tlL .. a ~.concentration of DNA equal to that of Rll"A in 
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his standard assay (a.t pH 5.0), ribonuclease activity was 
inhibited 15 % by native DNA and 70 % by denatured DNA. These 
figures are lower than this author's results, but this is not 
surprising in view of the fact that the pH used in the present 
work is much closer to that reported by Kunitz (1940) as the 
range for optimlllil enzy-illatic activity (i* e., pH 7.6 - 7.8). 
Also, the value of KdenlJS.iat = 5.7 falls within the range of 
4 - 10 predicted by Felsenfeld. Finally, if one assumes the 
affinity of RNase to denatured DNA and to single-stranded RNA 
to be about eQuivalent, they may be compared to the electropho­
retically measured (Olivera, 1966) I~= 700 fg/ml for the 
RNA-rbonuclease T1 complex.· 

From the foregoing, one infers two fairly general 
state11ents concerning the RNase-DNA interaction. Firstly, 
the finding that pancreatic ribonuclease has a very high 
affinity for both native and denatured DNA suggests that there 
is a large electrostatic compnent to the binding (since DNA 
has one negative charge per nucleotide at the pH used, and 
RL~ase is a basic protein in this range, the suggestion is 
particularly attractive). This idea is given further suppo.rt 
by the data concerning T1 ribonuclease, which binds much less 
·strongly at this pH but is a negatively charged protein under 
the conditions of the experiment. 

Secondly, there is an element of the binding 
interaction which has the gross effect of making the active. 
site of the enzy-ilie either totally or partially unavailable 
for RNA hydrolysis, and it seems likely that this element of 
the binding involves the recognition of one or more specific 
bases on the nucleic acid molecule. That this is so is 
implied by the fact that the binding is wea~er by a factor 
of six for native DNA, whose bases are stacked inside the 
Watson-Crick helix and are thus harder to get at (and possibly 
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harder to .. recognize) thqn those of denatured DNA, which is 
essentially a single-stranded polymer. It is not clear that 
this "deactivation" is directly inyolved vvith the active site 
of the enzy.me, although the idea of direct involvement is made 
attractive by the similarity of DNA and the enzyme's substrate, 
single-stranded RNA. It may be, on the contrary, that interactions 
at a 11 distant 11 part of the molecule have the effect of deforming 
or other\vise turning off the active site. Such a distinction 
cannot be made with pr.esent . knowledge. 

. . 

An obvious 11next step11 appers to be an attempt to 
establish specifity in some way. This could be ~pproached, in 
several ways. First,, the binding of whole DNA could be 
compared. to the interaction of RNase and. apurinic and a:pyrimidinic 
acids, or to oligonucleotides, with:the aim of establishing a 
sort of base specifity by a process of elimination. Alternatively, 
one could search for an inhibitor which eliminates the electro­
static factor, _such as cytosine or deoxycytosine. These bases, 
if competed vvith DNA, might hopefully inhibit DNA binding by 
tying up whatever portion of the enzyme molecule is involved, 
with base recogriition, while not binding to RNase electrostatically. 
The second method will fail, however, if the electrostatic 
component of the binding is so large that Rl'Jase binds only weakly 
to a nucleoside, .and thus is not an effective competitor. There 
are several possible methods of investigating these possiblities, 
besides the obvious techniques of electxophoresis and boundary 
sediraentation. Two of the other alternatives will be investigated 
in the next sectiono 



II Oligonucleotide Binding: the~ Method and Dialysis 

Experimental--Bovine pancreatic ribonuclease A 
(Worthington Biochemical Corp., :Lots RAF 6JA, RAF 6JB, and 
RAF 6GA) ·was used without further purification for all 
experiments. It was dissolved in buffe~a.nd stored under 
refrigeration. Dideoxynucleoside monophosphates and 
trideoxynucleoside diphosphates (pyrimidines obtained in 
the depurination of calf thymus DNA) were kindly provided 
by rfiiss Louise Chow. Bio-Gels .. P-2, and P-4, 50-150 • m$sh, • from 
Bio-Rad Laboratories, were used for the gel experiments. 
Dialysis membranes ·were :.cut _..; from· commercial dialysis tubing 
(Union Carbide Corp.) which had been treated as described below. 

(a) The Gel Method. Gel\experiments were performed 
in centrifuge tubes such as the one shown in Figure 2. The 
lower portion of the tube (A) had a known volume (calibrated 
using doubly distilled water), and vvas used· to contain. the 
hydrated gel. The tube then had a short constricted portion 
with a hash mark (C) whose purpose was to minimize error in 
the measurements of the volurae of (A). The upper sector (B) 
contaiJ1ed the supernatant fluid. The tube was readied for 
an experiment by adding small known amo:unts of gel and hydrating 
each portion, until the.tube was filled up to the hash mark, 
recording the weight of gel a..-r1d weight of buffer necessary to 
fill the tube. The gel was then cleaned by adding buffer to 
(B) and stirring briskly, then centrifuging .lightly in 9- ·.clinical 
centrifuge to pack the gel • . The supernatant was then removed 
and its ultraviolet absorbance read. The cell was considered 
fit for use when all uv-detectable impurities had been removed. 

i-u1 experiment with the gel apparatus was :performed 
as follows: 

A kno¥m volume of reaction mixture was added to sector -------
*The buffer used in all experiments was 0.04 F NaCl, 0.004 F 
Tris, :pH 7.43. 
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(B), and the contents of the tube vrnre stirred vigorou:sly 
for three minutes to allow· the m.ixtui-·e to eq_uilibrate betvreen 
the gell and 1:J:q_uid phases. The tube vras then centrifuged and 
the ultraviolet absorption spectrum of the supernatant was 
read. The void volume o.f t he gel was determined by performing 
the above experiinent with blue Dextra..."1., a macromolecule large 
enough so that it could not penetrqte the gel pores, and taking 
the visible spectru.rn of the supernatant from 8000 A - 5000 A, 
as Dextran has a strong absorption band at 6250 A. 

(b) Equilibrium Dia1ysis. Dialysis experiments 
were performed in the apparatus pictured in Figures 3a-3c. 
The sample chamber (A) of each sector (see Figure Ja) has a 
volume of 1.00 ml. A dialysis membrane, cut to size, is 

. . 

inserted between two identical sectors and the sectors are 
tightly clamped together by four screw-and-wing-nut assemblies 
(F) for which holes (C) ·are drilled in each of the sectors. 
(The sectors them.selves are machined lucite blocks) Thus the 
dialysis membran:e also serves as a gasket to prevent leakage. 
Sirring of ·the. solutions is __ provided by one stirring bar (E) 
in each sector chamber, and the magnetic stirrer against vrhich 
the cell is placed during an experiment (see Figure 3c). The 
chambers · are filled through two screw holes (B); nylon screws 
were provided v,;i th the c.ell .for the purpose of closing off these 
holes, but they did not porvide an · effective seal, so evaporation 
of the solutions was prevented by taping a piece of ;?arafilm 
tightly over the top of the cell. The cell was set up for an 
experiment as shovm in Figure Jc~ A double sheet of aluminum 
was placed between the cell and the magnetic stirrer to dissipate 
the heat generated by t~e stirrer; it proved to be an effective 
he.at shield, as the temperature of the cell typically remained 
within 0.1° - 0.3° of room temperature throughout a run • . The 
cell was purchased from the Chemical Rubber Company. 
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Figure Ja. Sector of 
dialysis cell. 

Figure 1... Centrifuge , 
tube for gel experiments. 
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Figure 3b . Side cross 

section of dialysis 
chamber. 
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thermometer 

dialysis cell . 

support 
block 

Figure 3c. Complete 
apparatus for 
dialysis experiment .. 
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The dialysis tubing was prepared for use by alternate 
boiling for approximately 30 minutes in distilled water, and 
the a solution \vhich was about l F NaCl and 0.025 F disodium 
ethylenediaminetetraacetate (~DTA). The tubing ·was 
thoroughly rinsed, inside and out, with distilled water after 
each boiling. This process was repea.,tied until no uv-impurities 
were detected in buffer solutions in which the membranes had 
soa}::ed for at least 24 hours. The tubing vras then stored 
under refirgeration in 0.05 ! EDTA. Eighteen hours before use, 
a piece of membr,ane was cut to size, rinsed, soaked for 12 hours 
in 2 F NaCl to remove tr~ces of EDTA, then rinsed thoroughly - ,.,.-, 

with both distilled and doubly distilled water, and soaked in 
the buffer to be used for the experiment for at least trw hours. 

The stirring bars and the\ cell ·itself, v10re cleaned 
in a similar manner, with the- exception that neither the cell 
nor stirring bar were piaced in boiling water (the cell was 
boiled once, but it v-ras feared that subseq_uent boiling would 
deform it). Both were cleaned after each: .use by soaking in 
a mixture of 2 ! NaCl and 0.05 F EDTA, then rinsed and allowed 
to soak in· ·rl F NaCl for one hour, then rinsed again and allowed 
to soak in the buffer to be used in the experiment. After a 
final thorough rinsing, the stirring bars wera dried with a 
Kirn.wipe and the cell with filtered compressed air. Both were 
then stored in dry sterile beakers until they were used. All 
handling of the cells, stirring bars, and membranes was done 
while 'Nearing surgical gloves, in order to minimize the danger 
of contamination. 

During an experiment,readingswere taking by removi..""lg 
sarnples from the cell wi•th a Pasteur pipette. Sample of 
approximately eg_ual volume v,rere ...,removed from both cells at 
the same time, in order to mm::z..nn.ze concentration changes from 
migration of buffer soluticm. across the cell membrane. Samples 
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were then returned to the cell and the experiment resumed. 
Theory: (a) The Gel I·.Iethod. The gel beads 

themselves are a compol~i er of acrylamide and bisacry,lam.ide, 
whose relative concentrations rather carefully control pore 
size. In general , for a molecule which is not adsorbed onto 
the gel surface, one would expect 

(1) V$Cob= Vifb + KVg'f-b + Vv<ib' for which 
C
0
b is the original concentration of spe9i~s b; i.e., 

its concentration in the supernatant solution 
·whi.ch is added to the gel mixture, 

Vs= the volume of the supernatant solution, 
V.g = the volume -inside the gel which is available : •.· 

entering molecules_, 
V = void volu..m.e; i. e., the solution volume betvreen 

V 
gel beads in sector (A) of the tube, 

9:t·= the eQuilibrium concentration of the macromolecule 
in Vs and Vv, 

Kb= the partiti6n.,coefficient of species b betv,een 
the gel and the solution phases, so that 

_KbCfb = the concentration of b inside the gel. 
:C:q_uation (1-) may be rearranged to give the two more useful for-.as 

(la) (
cob • J\ 

Kbl g + vv = vs cfb - 1 J ' - and -

(lb) = cob~:°0fb( K:~g + ~-

If the species bis larger than the pore size of the gel, so 
that Kt;·= o, vie have 

0 oh vs+ vv 
= C~"'b V,... 

..I. 0 

(2) • 

If we assume Kb~ 0 and we introduce a larger molecule c 
with Kc = O, -.,,ve then may describe the situation by 
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(3) vsc~ = vs (cf+ cb) + Kbvgcf + vv (cf+ cb), 
if we also assume that species c complexes vv'i th species b. 

Since b is the only species vvi th whose concentration we are 

concerned vre have dropped the second subscript on the 0 1 s. 
Here vrn now have 

C~ = initial concentration of b , 

Cb= concentration of b which is bound to species c, 

C 1 = concentration of· b which is not bound. f 
Since the concentratj_on we measure is that in the supernatant, 

which is C~ =Cb+ C:r, we rearrange (3) to obtain 

(3a) --- = - - . - , and then 
C :f Vs [ C ~ - ( C :f + . C{)J- V v 

c , + c , K v c 
O + c • ·· Kb.v. g f b bg • -f • .. b , · 

substitute (lb) to obtain 
, • rC! 

CblJ 
· o - (Cf+ 

C' 
( l + 

V ·) • 
C' + C' vv 

(3b) . f . V f b = 
C' + C' KbVg co + cf KbVg f b 

cf 

SC) c• -c I 

-- · 6 C ' 
7) · 

where 
~ C Co - Cf • 

' - = C cf 

We still need to }r,.rimv V g' • since not all the voluine that the 

gel occupies is available to the solution and spocies b. Bu~ 

sL'1ce we kL"1ow ~i,he weight ::of. the gel added,and that of the buffer 

used to hydrate it, and the density of the buffer, and since we 
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can easily find Vv, we can easily find Vg from the relation 
13/t - ~t 

( A-) ' ·gel+ buffer· ' •gel ,. - vv :::: vg • 
Density of Buffer 

We now have all the quantities we need Q • 

(b) Eq uilibrium Dialysis. If we assume that one 
enzyme molecule binds to one oligonucleotide molecule, we may 
then adopt the expression given by Hamm.es and Schimmel (1965) 
for the binding constant of ribonuclease: 

) _ 1 _ C 
(5 KB ~ Kj;° - -(E_-:, __ -

0
-)-(P---*---

0
-) , ±rl which 

KB is the apparent binding constant at equilibrium., 
which is the reciprocal of the dissociation constant of the 
enzym.e-oligonucleotide complex KD, C is the equilibrium 
concentration of the complex,-E the stoichiometria. concentration. 
of enzyme, and p+:- rlpseudostoichiometric 11 concentration of 
ligand. We say pseudostoichiometric, since at equilibr~u.m., there 
is on the 11 blanlr11 side of the dialysis membrane. a concentration 
of ligand equal to that of 11 free 11 ligand on the 11 sam:pJJe 11 side, 
so that in reality we have 
( 6) P ::: Pb + 2Pf :::: C + 2 Pf_, so that-
( 6a) p-K- :::: C + Pf :::: P - Pf_• 

If we now define (I= P*/C, we may rearrange (5) and substitute 
KD for 1/KB, ·we obtain 

.( 5a) p:::: l + E. + P-* • 

Novi the optimum condition ;for ·.measuring Kn is to have t~e 
concentration of the ligand equal to the ISn,; i.e., to have 
½ the substrate bound, so that experimentally, we would like 
to have p = p-x-;c = 2, so that E + P* :::: KD. 

Eq}'ailibrium. is not attained instantaneously in a 
dialysis experiment; the kinetics of the transport of a species 
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into a chamber may be given by -
(7) 

Ce is the concentration of the species in the chamber at 
equilibrium , Ct its concentration at time t, and z a constant 
characteristic of the species, the membrane, and the composition 
of the solution, having the uni ts of time. 't" will therefore be 
referred to as the cho.racteristic time for the reactione It may 
be determined for the dialysis of a species through a membrane 
in a solution of a given ionic strength and pH by placing a 
solution of the species in one chamber and pure buffer in the 
other, and measuring the rate of appearance of the species in 

the blank chamber as a function of time. In this case Ce= ½C0 , 

where 0
0 

is the initial: . concentration of the species in the 
sample chamber, and Equation (7) becomes 

(7a) 
C0 - 2Ct 

= e-t/-c;, or 

(7b) • 

It ·should be noted .that 

(8) 1 - e-t/z= 0t/ce = ¢, where 
.. 

. 100, ¢ is the percentage of completion of the reaction at time t. 
Results and ·discussion--Bio-Gel P-2 appeared to 

exclude trinucleoside diphosphate, even though the published 
exclusion limit of the gel (Bio~Rad manual) was 1600, and the 
largest trinucleoside has a molecular weight of about 850. 
However, it should be recalled that the exclusion limits were 
calculted for polypeptide chains, and that a polynucleotide of 
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the sa:--ne nolecular weight is g_ui tely likely to be much more 
rigid 1 and since it is highly charged, it is likely to have 
sol vent and/or buffer molecule associated vri th it. .Both of .J· 

·these could plausibly be the cause of a substantially larger 
effective radius than would be possessed by a polypeptide of 
comparable v,eight . It vms concluded therefore that P-2 cov..ld 
g_uite possibly be excluding the trinucleoside, so it vras 
decided to try experiments using P-4 (with ari exclusion limit 
of 3600) and dinucleoside monophosphate, which have an average 
molecular v.reight of 531 (ass-uming eg_ual amounts of each of 
CpC, CpT, TpC, and TpT). 

These experiments were eg_ually unsuccessful. Two 
independei1t experiments gave vvidely divergent values for the 
¾ of the dinucleoside, and one bin~ing experiment gave a value 
for Of/ ( CJ: +Ob)> 1, vrhich is clearly. impossible" To explain 
these anomalous results, we should first recount the technical 
difficulties which were ·encountered. 

The volume which the gel occupied was found to depend 
critically on the speed at which it was centrifuged for packing, 
and neither the speed nor the time at speed could be controlled 
closely. Aiso, if the speed of centrifugation was above a 
certain critical speed, the gel was compressed , but began to 
expand again after centrifugation was stopped . Finally, it was 
observed that once a gel had been packed in this manner, it 
freg_uently exhibited a tendency to expand over a period of a 
day or t i.vo to a volume ·larger .than that which it occupied before 
any packing at all had taken place., 

There appeared to be two explanations possible for the 
first two observations: 

(a) The force could sg_ueeze gel beads together and 
possibly deform them, therepy eliminating portions 
of the space between beads; i. e., . shrink:L.'1.g Vy-• 
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This hmvever should have no effect on the binding, 
determinations, or on Kh, since Vv +Vs= const., 
and a change in Vv should have no effect on the 
distribution of b between the gel and solution 
phases. 

(b) Alternatively, the force could simply compress 
and deform the beads in such a manner as to make 
the effective pore size smaller and/or to reduce 
Vg by a considerable amount. Such an effect 
could v.rell explain the anomalous results. 

It is not obvious what caused the last phenomenon; however, it 
could be that the gels vrere not sufficiently hydrated before :. 
their first use. At any rate, it has become apparent for·a 
number of reasons that this adaptat1on of gel filtration is not 
a satisfactory method for measuring the binding betVIeen RNase 
and oligonucleotides. 

N'Jyer and Schellman (1962), in developing an equilibrium 
dialysis technique for measuring the binging betvieen RNase and 
5' adenosine monophosphate, found that since ribonuclease is 
a small protein, appreciable amounts of it dialyze across a 
membrane during a long experiment; thus their membranes were 
acetylated to prevent enzyme transport and thus increase the 
accuracy of their measurments. Hovrnver, since their eq_uilibration 
times were on the order of 50-75 hours , and since the transport 
of dinucleoside monophosphate was 99 % complete after 10 hours 
under the conditions used here.(see Figure 4; the curve waa 
determined by the method described i...~ the theoretical section 
above), it was decided to try an untreated (i.e., unacetylated) 
membrane first .. 

Experiments similar to those described i...~ the theoretic.al 
section above were performed to determine the relative speeds of 
transport of RNase, dinucleosides, and trinucleosides. The 



/()0 

19 

Figure 

/ 
·, ···-· · :0 

. ""r. ;-- - -- · · ·I • • -· ~ r . ____ 1- . 
i ' "j 

t ---· - .:-~--- - -,~ _ , : • : • • 1- • i • ! · · -- -··! . - :- --- ··- ·:---- --~-
:··: ··t ·· -·-

...... · ·!---· ·, •· j· • . 

,_) __ c_ ~i~- .. ~~~- .,t-;-_:·~--:;,;~:.:.:-:-::.:.l~:_~ :.J1.:._~_ .. 1 
. I , , . : : I , j . i . , ---:~•------- --· ~-- ••••• 

--- -· --·-·:•··-·:~-~-- ----~-- i',"-~~-:.:+.:::.t.;71,!~.~-~r.~:_)LJ __ • __ f _!:: •• I . - .; <t -t---- .. -~-L=:~ ~L. • . i 
... . .. :! ... . \ , : • !·,:....:.._..·' -- .--·--- -- , _________ ; -

: --~:r-~:·: l. L :.: '.f·· .: .... ~ ~ ·-
' . , i: . : . . ! : . : . _; - .. : -: . • ( . ; . 

. . ,. . . ; .--------! • . ,! __ •• - _. -

' • i ··-' 
·:--.·:·:·····•·••l 

I ,. 
ii 

I 

- -~ .. ·~ ---. ' ., 

., 
--.. _.- ---- ··l 

: i .. , 
I 

· • .. l 
I 

-:,----. ---i 
----. -- :· -:i . . ··; 

".1 

-.. : ~ 
i 

•··•··· · · .i 
! 

.. ..,..,..,.,._v ___________________ ~Qe.--•■-----

/0 



20 -

• I 

/DIJ 

~ 
0 -· ~ 

,...,.,~ $;llil!liil$::!Zli:is~iJ;;"'.il:i;:;:;l::.::ll~-. 0~""/'tW"i'Z::l::':'"'~;r.,.F~ •• 

Figµ.re 5 

!Os~a. v 11.s l<1AJ@ i" ues 
,£....;!> ri 

O h® 
lt~ 

~Jd ....._,, 
n « 

1) 
~ -n-
~i 
~ID 

~ '-... 
=· i ) 

~~ 

Qi 

0 
i!.&.. 

Q 
__ _ ., e 
.. 6"" 

(o 

.JI, 



- 2l -

concentration of HNase was determined spectrally, as were 
the concentrations of the pyrimidine oligonucleotides. For 
the nucleotides, the absorbance peak at 267 m}A-was used, 
v1hile RNase concentration v,as determined from the height of 
the peak at 278 mpo The results of these kinetics experir:i.ents 
are shown in :Pig1.1res 4 and 5. Given the curve for HNase 
dialys is, it was decided that dinucleoside e:x:perirn.ents vrere 
certainly practical , and that a trinucleoside experiment of 
35 or so hours could be performed if one were willing to 
tolerate a s3rstematic error_·•o;f about 5. % in the determination 
of a binding constant. 

Binding experiments were ru..11. with the pyrimidine 
dinucleosides , taJ::ing as a model the data of Hammes and Schimmel 
'(1965) on the Ri"rase-3 1 cytidine mon:·ophosphate complex; i .. e .. , 
assU111ing the dinucleoside behaved rather as a mononucleotide _· 
than as a long DNA chain . Under this assumption, KB . should. 
have been about 630 at pH 7 ,. 4 (recko11ing-•:_from a linear • 
extrapolation of Ha.mm.es• curve) , The most -useful concentration. 
of dinucleoside for these experiments corresponds to _an A267 
in the range 1 . 0 : --2· .. o_:fqr _P, which means A267 should be not 
g-.ceater tha:n. 1 . 7 for :P*, or P*· ~ 10"'.'.'4 . .. -Under these conditions , 
we should then expect to find values of~ corresponding to those 
in Table 1 belowJ(recall Equation (5a)). 

Table 1 
RNase cone. (mg/ml) . 1.38 2 . 76 13 .. 87 

11 11 (mole/1) 1 X 10-4 2 X 10-4 i: .X 10-3 '-

ft 9. 4 5. 2 1 . 84. 
C

0 
(in A267 units)** 0 . 944 o .892 0 ~589 

*-i<·Assuming P:::: C
0

:::: 2 . 00 A267 units; i. e ., P*:::: 0 . 948 , 1 .108 , 
and 1 . 410 . 
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The experimental data, however, are somewhat 
differenta L~ practice, the dinucleoside concentrations (P) 
were around A267 = 1.5, but this should have given essentially 
similar values of Ce • Instead, no binding vms observed at all 
for RNase concentrations less than 10 mg/ml: ... Two runs were 
made at higher enzyme concentrations, and the following were 
observed (all dinucleoside are in ~bsorbance units at 267 m~): 

... ,,, .. ~· ... - • 
E: (RNase) 10.125 mg/ml 13.26 mg/ml 

C 
p 
p-x- (moles/l) 
K B 
Dialysis time 

7.36 X 10-4 M 9.62 X 10-4 M ..... 
0.550 
0.004 
137.5 

-4 0.33 X 10. 
9.53 
10 hours 

0.7435 
0 .. 007 
113.3 
0.44 X 10-4 

8.34 
10 hours 

Since the absorbance differences are so small, these 
:measur.ements are not to be taken too seriously. Hovrever, one 

.maJ·.asser.t v1ith some confidence that the binding constant is 
certainly of the order of 10 or less, and is at least a factor 
of 600 lmver than ·what might be expected from the data of 
Han.mes and Schimmel (1965). 

It is not nearly as easy to explain this phenomenon. 
At first glance, it might appear as thoggh the addition of a 
second nucleoside without the concomitant addition of a phosphate 
group lowers the charge to mass ratio to an extent that the 
electrostatic binding is drastically cut. Put another way, let 
us ir~agine RNase to have a structure essentially similar to that 
of lysozym.e;· i.e., we shall say that there is one binding site 
for each monomer unit in a long chain. Then one binding site 
can happily accept a 3'-pyrirn.idine nucleotide, but the site 
below it is nov1 asked to bind toa.-pyr:Llnidinewithouta.·J'-phosi"lb.ate,, 
and it is conceivable that the second~sd.te, bind;Lng~.might .be .. :. 



- 23 -

substantially weaker 7 and thus destabilized relative to the 
binding of a mononucleotide, a dinucleotide viith a 3'-phosphate 
(pPy-pPy), or even a trinucleoside diphosphate. Hence the 
significantly smaller K:s• The §.llswer could also ,i nvolve some 
sort of steric recognition, but this is difficult to evaluate 
in any more than a vague q_uali tative sense, especially.: v,hen .. 

considered relative to the electrostatic com.pnent of the 
binding ., At any rate , obvious futv.re ~xperiments .are 
comparisons of these data with those obtained for ]'-pyrimidine 
dinucleotides .. and.·.trinucleoside diphos::pha-t;es, to see if either 
the addition of a second negative charge, or of another 
p;rrimidine nucleotide, makes an oligodeoxy-nucleotide look more 
like a substrate molecule to the ribonuclease. 



III The Enzymatic Activity of Ribonuclease 

The problems and exper~nents discussed in this 
section arose largely in the course of an attempt to develop 
a workable assay for ribonuclease activity .. At first, the 
assay proc·edure tried was that given by J?elsenfeld, et. e.l. 

(1963), which was carried out at pH 5.0 in a buffer that was 
o .. 064 F acetate. All . attempts'.:.to :perform an assay .in :. which 
a substantial amount of acid-soluble polyribonucleotides were 
produced fs,iled •. ·rhe reason is still not lmovm, but it was 
decided to change the pH to 6.86 (v.rhich was closer to the pH 
optirrn.'urr 'Of 7. 6-7 .8 reported ·by Kv.ni tz (1940) for RNase 
activity) a..~d to lower the ionic strength to 0.014 hl. A rate 
study was done at 37° C, vvi th the above ionic conditions, and 
an Rlifase concentration of O. 264 g/ml ;- and an RNA concentration 
of 1.06 mg/ml~ The assay was perfor.m.ed as described on pp. 2-3 
of this work, but for varying incubation times. The hydrolysis 
{production ·. of : acid;..,.solu.ble material) is given in Figure 6. 
It·~·was deci¢l.ed ..... that 15 minutes was sufficiently close to the 
linear portion of the rate curve to give a workable assay, and 
thus a test assay was performed, using a range of concentrations 
bf mrase which would be ·employed in future experiments. As 
Figure 7 shows, the conditions chosen do provide a workable 
assay for which the rate of hydrolysis (i.e., the amount of 
acid-soluble material produced) is pr..o.:portimnaJ: to the first 
pow_er of the Ri'ifase concentration. This as$ay procedure was 
consequently used for all further experiments described in 
section I. 

As a natv.ral conseg_u·ence of the RNase-DNA binding 
studies, the possibility of doing such a sedimentation experiment 
to determine the strength of RNA-RNase bin~ing aroused 
considerable interest. As a·preliminary test of the idea, an 
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assay similar to that described above ·was run at o° C, again 
for varying t:i..Lles of incubation. It was found that the rate 
of production of acid-soluble material was 10 % of that at 
37° C j which indic_ates that a sed:iJnentation run which would 
take · on the order of ten hours, is q_uite unfeasible. This 
a.oes not, hovrever, rtJ..le out the :possibility of an electropho­
retic determination of the binding constant, since the nucleic 
acid band should still be quite distinct, even though it v1ill 
be broadened somewhat as a result of RNase hydrolysis .. 

Let us return to the activity assay for a moment. 
It will be noticed that the assay measures the production of 
acid-soluble polyribonucleotides, with the implicit asswnption 
that this is eq_uivalent to, or at least directly porportional 
to the rate of hydrolysis. It is not at ~1 clear that this 
is so, and whether it is or not depends on the mode of action 
which the enzyme molecule pursues. 
To illustrate, let us imagine a 
solution of macromolecules as 
depicted an Figure 8, and assume 
tha;al» RNase molecule enters this 
solution and attacks an Rl~ase 
molecule at point A, splits the 
molecule and releases it. If the 
hit is close to an end, an acid­
soluble particle is produced; if 
not, we just· have one more big 
molecule. . Now if the Ri~ase, releases Figure 8. 
the RNA and diffuses randomly, : the ter.:t:tary ;struc·ture of the 
·mfA nay cause a distant part of the same molecule, or even 
a part of another molecule, to be closer to the enzyme than 
a "close 11 part of the chain it had just hit, say s.ites B or 
C. Thus B ·or C are hit in preference .. -to .D, and an acid-soluble 
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particle is not forr,ied. In fact, it may take several hi ts 
before an acid-soluble particle is forfiled. Clearly, under 
these conditions, and vri th one or a most a fevr enzyme molecules 
per RNA molecule, the rate of production of acid-soluble material 
is not proportional to the rate of hydrolysis. On the other hand, 
if t:a.e Rlfase molecule, after a hit travels systematically_down 
the chain either a certain length ( this does not seem:. too likely) 
or until it finds another hydrolysis site (this idea is more 
attractive), an acid-soluble particle should be produced 1hith 
each hit . 

. In order to differentiate between the two cases, the 
follovring experiment is proposed: 

A. sam.ple of homogeneous RNA vv0uld be subjected to 
RNase hydrolysis u..11.til a g:i.ven·average: nu.niber of hits per 
molecule had qccurred (this may be· determined by calculating 
the pH change which should occur with each.hit, then performing 
the hydrolysis in an unbuffered solution and monitoring the pH 
change) 1 then stopping · the reaction and looking at the size 
distribution of the molecules present. If the first explanation 
is correct 1 . . the size distribution should conform to a most 
probable distribu•[;ion which may be calculated beforehand. The 
second alternative would cause the peak to shift to the left 
of the peak expected from the calculated distribution, and would 
cause the concentrations of the smaller polynucleotides to be 
correspondingly larger. The size distribution could then be 
determined exper:i:mentally by either analytical or preparative 
sedimentation, or by paper chromatography. 
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