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ABSTRACT: The involvement of lysine residues in the active 
site of pancreatic ribonuclease has been investigated by as- 
sessing (a) the degree of substrate and substrate analogue 
protection of individual lysine residues against acetylation, 
and (b) the individual contribution of remaining unacetyl- 
ated lysine residues to the total catalytic activity of the en- 
zyme. Different substrate analogues (RNA digest, CMP, 
ATP, and pyrophosphate) were found to give different de- 
grees of protection against acetylation with acetic anhy- 
dride. Instead of the expected specific protection of active 
site lysine residues such as lysine-7 and lysine-41, however, 
a general decrease in reactivity of all the lysines was ob- 
served when the substrate analogues were present during 

S e v e r a l  experimental observations clearly implicate lysine 
e-amino groups as part of the catalytic apparatus of pancre- 
atic ribonuclease, but the total evidence is difficult to inter- 
pret in terms of a unified model of ribonuclease structure 
and function, On the one hand, chemical modification of ei- 
ther Lys-41 (Hirs, 1962; Heinrikson, 1966; Carty and Hirs, 
1968; Raetz and Auld, 1972; Dudkin et al., 1975) or Lys-7 
(Means and Feeney, 1971; Raetz and Auld, 1972; Dudkin 
et al., 1975) gives derivatives with 0-5 or 10-30% activity, 
respectively, while most of the other lysine residues can be 
modified with little or no effect on the activity (for a review 
see Barnard, 1969). The observation (Welling et al., 1973; 
Beintema, J. J. personal communication) that only lysine-7, 
-41, and -66 are invariant in the sequence of pancreatic ri- 
bonuclease from 29 mammalian and marsupial species 
suggests a key role for these residues in the activity of the 
enzyme. On the other hand, the x-ray crystallography data, 
while confirming that lysine-7, -41, and -66 are uniquely lo- 
cated relatively close to and with free access to the active 
site, strongly suggest that all of these residues are too far 
away from the site to interact with the substrate. Direct evi- 
dence on this point has been obtained with ribonuclease S’ 
in which Lys-41, as the closest lysine residue, is observed to 
be out of van der Waals contact with substrate analogues 
bound in the active site and in which no significant move- 
ment of the Lys-41 side chain is observed when substrate or 
analogues are added to the active site of the crystalline en- 
zyme (Richards and Wyckoff, 1971). In many of the inac- 
tive ribonuclease derivatives in which Lys-41 and -7 have 
been modified, substrate binding has been observed to be 
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the acetylation. The fraction of enzymatic activity remain- 
ing in the protected samples was consistently greater than 
the fraction of any one lysine remaining unacetylated, and 
was found to correspond fairly well with the sum of the 
fractions of unacetylated lysine-7, lysine-41, and a third 
residue, tentatively assigned as lysine-66. This is consistent 
with other observations of ribonuclease which suggest that 
while no lysine residue interacts with substrate and sub- 
strate analogues in the formation of the Michaelis-Menten 
complex, a lysine amino group is required for catalysis. It is 
proposed that this lysine amino group can be supplied by 
any one of two or three lysine residues (7, 41, and 66) locat- 
ed close to the substrate binding site. 

unaffected. This is clearly consistent with the conclusions 
from x-ray crystallography that these residues do not inter- 
act with substrates. More recently Carlisle and coworkers 
(1 974) have shown that in ribonuclease A Lys-7 actually is 
closer to the active site histidine residues (His- 12 and - 1 19) 
than is Lys-41, and further investigations will be required 
on the possible interactions of Lys-7 with substrate in ribo- 
nuclease A. 

The current evidence on the role of lysine residues in the 
active site of ribonuclease thus appears to contain a major 
conflict in that one set of data strongly implicates lysines as 
part of the active site, while another set equally strongly 
suggests that they do not interact with substrate in the ac- 
tive site at all. The present work was undertaken in an at- 
tempt to clarify this point of apparent conflict and obtain a 
better understanding of the mechanism of action of pancre- 
atic ribonuclease. 

Materials and Methods 
Bovine pancreatic ribonuclease (Sigma, Type 1A) was 

purified by ion-exchange chromatography on IRC-50 ac- 
cording to the method of Hirs et al. (1953). The enzyme 
was assayed using either synthetic Cyd-2’:3’-P (Sigma) 
(Crook et al., 1960) or yeast RNA (Kalnitsky et al., 1959) 
as substrate. Bovine pancreatic trypsin (Miles-Servac), 
thermolysine (Calbiochem), and papain (Sigma) were used 
without further purification; the latter enzyme was activat- 
ed by incubation with 0.05 M 0-mercaptoethanol for 15 
min prior to use. [I4C]Acetic anhydride (5 mCi/mmol) and 
[3H]acetic anhydride (50 mCi/mmol) were obtained from 
New England Nuclear and diluted with unlabeled acetic 
anhydride to the desired level of radioactivity. The specific 
radioactivity of each stock acetic anhydride solution was de- 
termined as follows. IVf-Acetyllysine was prepared by the 
reaction of the copper complex of lysine with the radioac- 
tive anhydride at pH 6 according to the method of Sanger 
and Neuberger (1943). The product was purified by ion- 
exchange chromatography on Dowex AG 50-X2 eluted 
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with 0.17 M pyridine acetate buffer (pH 3.8).  After lyophi- 
lization of the pooled ninhydrin-positive peak, a material 
was obtained which gave a single ninhydrin-positive, ra- 
dioactive peak on the long column of the Beckman Model 
120C amino acid analyzer. The peak was coincident with 
authentic Nf-acetyllysine and eluted at 84 min (relative to 
glycine at  91 min). After hydrolysis, the product was con- 
verted quantitatively to lysine. The specific radioactivity of 
the stock solutions of acetic anhydride was determined from 
the number of counts (determined in a Beckman toluene- 
Fluoralloy TLA cocktail containing 10% (v/v) Bio-Solv for- 
mula BBS-3 solubilizer with a Beckman Model LS-133 liq- 
uid scintillation spectrometer) per unit of acetyllysine or ly- 
sine (after hydrolysis) as quantified on the amino acid ana- 
lyzer using phenylalanine as an internal standard to relate 
the quantities before and after hydrolysis. 

Protein concentrations were determined by the method of 
Sutherland et al. (1949), and free amino groups by titration 
with trinitrobenzenesulfonate according to Habeeb (1966). 
All chemicals used were commercial samples of the highest 
available purity. 

Experimental Plan and Methods. The experiments were 
designed to explore two features of the acetylation of ribo- 
nuclease, the effect of certain substrates and substrate an- 
alogues as protective agents for specific lysine residues, and 
the relationship between enzyme activity and the acetyla- 
tion of specific lysine residues. The general experimental 
design involved a double isotope labeling technique derived 
from the method used by Kaplan et al. (1971) to detefmine 
the pK, values of individual lysine amino groups in chymo- 
trypsin. The experimental procedure is illustrated in 
Scheme I ,  and can be outlined as follows. (1 )  Reaction of 
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ribonuclease with ['4C]acetic anhydride in the absence of 
or in the presence of substrate and substrate analogues, 
under conditions predetermined to give essentially complete 
acetylation in the absence of protective agents. (2) Purifica- 
tion of the acetylated enzyme derivatives by (repeated if 
necessary) gel filtration. Determination of the extent of 
acetylation by both I4C content and by disappearance of 
free amino groups. If discrepancy suggests acetylation of ty- 
rosines, removal of acetate from the 0-acetyltyrosine 
groups by treatment with hydroxylamine must be carried 
out. Determination of enzymatic activity and catalytic 
properties of the purified acetylribonuclease derivatives. (3) 
Acetylation with a large excess of [3H]ace t i~  anhydride 
under conditions which will give exhaustive acetylation. (4) 
Purification of the product by (repeated) gel filtration, re- 
moval of 0-acetyl groups by treatment with hydroxylamine, 
and careful quantitative determination of I4C and 3H con- 
tent of each derivative. (The 3H content should be a precise 
measure of the free amino groups present at  step 2 and 

should agree with the trinitrobenzenesulfonate titration a t  
that stage.) 

Subsequent protease digestion of performic acid oxidized, 
acetylated protein derivatives, should permit isolation of 
peptides containing individual lysine residues. Determina- 
tion of the ratio [3H]/([3H] + [14C]) for each separate 
peptide should in turn give a direct measure of the percent 
of a particular lysine residue which was present as free ly- 
sine in the derivative characterized under (2). 

This general procedure should give a measure of the rela- 
tive degree to which a given lysine residue (1) is protected 
by substrate analogues against acetylation and (2) contrib- 
utes to the activity of the enzyme. 

Results 
Preliminary Studies. Three groups of experimental vari- 

ables required assessment prior to the experimental ap- 
proach outlined above: the general conditions for the acety- 
lation, the nature of the protective agents, and the total ef- 
fect of the hydroxylamine treatment. The detailed data ob- 
tained in the assessment of these variables will not be given, 
but the reasoning and the results that were the basis for the 
final experimental design are summarized below. 

The acetylation of ribonuclease with an excess of acetic 
anhydride gave an optimal rate of disappearance of amino 
groups at pH 8.7.  Considering both the potential nonspecif- 
ic electrostatic interaction between lysine amino groups and 
anionic protective agents and the possible side reactions of 
acetic anhydride with tyrosine, it was deemed desirable to 
carry out the acetylation in the presence of high concentra- 
tions of acetate (Vallee and Riordan, 1964). When ribonu- 
clease was assayed in the presence of 1 M sodium acetate in 
0.5 M borate buffer (pH 8.7), the activity was 90-95% of 
that observed at low salt concentration, and the above con- 
ditions were consequently selected as standard reaction con- 
ditions. The acetylations were carried out at  4' and this 
buffer is actually supersaturated with respect to borate at  
this temperature. The precipitate formed at  4' was general- 
ly removed, but could also be left in the reaction mixture 
without any effect. 

The selection of protective agents (substrates and sub- 
strate analogues) was based on the desire to correlate the 
data with those obtained in x-ray crystallography and at  the 
same time use compounds known to be strong competitive 
inhibitors of the enzyme. C M P  (mixed 2'- and 3'-phos- 
phate) was selected as the most obvious substrate analogue 
satisfying both of these criteria. In addition, ATP and inor- 
ganic pyrophosphate were included as good competitive in- 
hibitors and finally yeast RNA as an actual substrate. In 
the latter case it is unlikely that any intact RNA remains in 
the reaction mixture during the acetylation. With the high 
level of enzyme, hydrolysis should be very fast, and al- 
though we have no data on this point, we assume that the 
RNA that interacted with the enzyme was a mixture of 
oligonucleotides produced through the enzyme-catalyzed 
hydrolysis. 

It is essential in these experiments that only lysine resi- 
dues are acetylated. Since radioactivity is the only measure 
of the extent of lysine modification, other acetylation prod- 
ucts would confound the interpretation of the results. In 
spite of the fact that the high acetate concentration should 
prevent tyrosine acetylation (Vallee and Riordan, 1964), it 
was decided that all acetylated derivatives should be treated 
with hydroxylamine under conditions known to cleave 0- 
acetyltyrosine (Hauser and Renfrow, 1937). The treatment 
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Table I: Reaction Conditions for the Acetylation of Ribonuc1ease.a 

Concn of Acetic 
Anhydride 

Protective Agent Concn of First Acet- Second 
(Substrate or Protective ylationb Acetyl- 

Expt Substrate Analogue) Agent (mM) (mM) ation (mM) 
1 None 7.5 460 
2 None 10.4 460 
2 Yeast RNA 5 8 C  10.4 460 
1 CMP ( K I =  2 mM)d 217 1.5 460 

0 3.0 6.0 
DISTANCE TRAVELLED (cm) 

2 CMP ( K I  = 2 mM)d 235 10.4 4 60 
1 ATP (KI = 4 mM)d 230 7.5 460 
1 Pyrophosphate 126 7.5 460 

(Kr  = 5 mMIe 

QEach reaction mixture contained 100 mg of ribonuclease in 20 
ml of 0.5 M sodium borate-1 M sodium acetate buffer (pH 8.7) cor- 
responding to  a ribonuclease concentration of 0.4 mM. bIn exper- 
iment 1 the acetic anhydride was added in three aliquots. In exper- 
iment 2 the acetic anhydride was added in a single aliquot. CCon- 
centration of RNA expressed in terms of millimoles of nucleotide 
monomer per liter. dUkita et al. (1961). K I  values determined at 
pH 7.6 in 0.1 M salt. e Anderson e t  at. (1968). K I  value determined 
at pH 7.5 in 0.2 M salt. 

of native ribonuclease, and the proper N- and 0-acetyl de- 
rivatives with l M NH2OH in l mM EDTA (to prevent the 
side reactions reported by Lin (1 972)) adjusted to pH 8, for 
20 min at 27', was found to affect neither enzymatic activi- 
ty  nor the N-acetyllysine derivatives, while 0-acetyltyrosine 
derivatives were quantitatively cleaved. Based on these pre- 
liminary investigations the experimental conditions outlined 
in Table I were established. 

Acetylation of Ribonuclease in the Presence and Absence 
of Protective Agents. Ribonuclease was acetylated 
(Fraenkel-Conrat, 1957) in two separate sets of experi- 
ments with different protective agents and with a level of 
[ I4C]acetic anhydride which gave essentially complete inac- 
tivation of the unprotected enzyme. The acetic anhydride 
was added as an acetone solution, and the reaction mixture 
was generally left with stirring overnight, although the ac- 
tual acetylation was completed within the first few minutes. 
Each reaction mixture was subjected to purification by gel 
filtration on Sephadex G-25 to remove protective agents, 
free radioactive acetate, and other low molecular weight 
compounds. In the case of the RNA-protected sample the 
purification required an additional ion-exchange chroma- 
tography step after the gel filtration. When the mixture of 
acetylated enzyme and RNA was subjected to chromatog- 
raphy on a Dowex 1-X4 column, equilibrated, and eluted 
with 0.1 mM HCI, the enzyme was quantitatively recovered 
in the second column volume, while all the RNA was 
bound, and could be eluted with 0.5 M KCI. All the radio- 
activity was associated with the enzyme peak, demonstrat- 
ing that no acetylation of RNA had taken place. 

The purified enzyme fractions were lyophilized and char- 
acterized with respect to enzymatic activity, including the 
kinetic parameters, free amino groups (determined directly 
by titration with trinitrobenzenesulfonate, or by the differ- 
ence between total lysine and the amount of acetate incor- 
porated (Table 11)), and electrophoretic heterogeneity (Fig- 
ure 1). It is clear from these results that RNA is by far the 
best protective agent, in terms of minimizing both the ex- 
tent of lysine acetylation and loss of activity. The loss of ac- 

FIGURE 1: Densitometer scans of disc gel patterns of ribonuclease and 
acetylated ribonuclease derivatives. (- . -) ribonuclease; (-) ribonu- 
clease acetylated in the presence of RNA; (- - -) ribonuclease acety- 
lated in the presence of CMP; ( . a  .) ribonuclease acetylated in the ab- 
sence of protective agents, The electrophoresis was carried out with 5 
fig of protein in the pH 4.3 system described by Reisfield et al. (1962). 
using a Canalco Model 12 electrophoresis apparatus with 5 X 80 mm 
tubes containing running gel only. 

tivity appears to be directly related to loss of catalytic capa- 
bility, the K ,  of the modified proteins being essentially un- 
altered. As expected the product of each acetylation reac- 
tion is a mixture of protein derivatives with different extent 
of acetylation. Only in the unprotected sample is there one 
primary derivative, presumably fully acetylated ribonucle- 
ase (1 1 acetyl groups). Judging from the distance of the in- 
dividual peaks from the top of the gel (native ribonuclease) 
it appears that the CMP-protected sample consists of a 
mixture of derivatives containing 8, 9, and 10 acetyl groups, 
and the RNA-protected sample a mixture of derivatives 
containing (3), 4, 5,6,  7, and 8 acetyl groups (Figure I ) .  

The bulk of the purified [14C]acetyl protein derivatives 
were next acetylated with a large excess of [3H]acetic anhy- 
dride (1 150 mol/mol of enzyme) under the same conditions 
as those used in the first acetylation, but in the absence of 
protective agents. The fully acetylated samples were 
subjected to gel filtration; the collected protein peaks were 
treated with hydroxylamine and, after a second purification 
by gel filtration, were characterized as before. Gel electro- 
phoresis gave a single peak corresponding to the fastest 
moving derivative in Figure 1, each derivative was com- 
pletely void of enzymatic activity and the [3H]acetate in- 
corporation (Table 11) corresponded well with the number 
of free amino groups determined after the first acetylation. 
The total acetylation based on both I4C and 3H incorpora- 
tion within experimental errors gave 11 groups acetylated in 
each derivative. At this stage, therefore, a set of chemically 
identical derivatives, differing only in the amount of I4C 
and 3H content, has been produced. Degradation of these 
identical derivatives should permit an assessment of the in- 
volvement of the individual lysine residues in the first acety- 
lation reaction. 

Degradation of N-Acetyl Ribonuclease and Determina- 
tion of Radioactivity in Individual Fractions. The proce- 
dures chosen for the degradation are outlined in Scheme 11, 
and the fractionation of the various peptide mixtures is il- 
lustrated in Figure 2. The five tryptic peptides obtained 
from the oxidized acetyl ribonuclease were readily sepa- 
rated by ion-exchange chromatography on phosphocellulose 
(Chin and Wold, 1971), and the radioactive peaks (Figure 
2A) were identified by amino acid analysis (Table 111). 
Fraction T- 1, corresponding to tryptic peptide IV contain- 
ing lysine residues 41, 61, and 66, was further digested with 

306 B I O C H E M I S T R Y ,  V O L .  1 5 ,  N O .  2 ,  1 9 7 6  



L Y S I N E S  I N  R I B O N U C L E A S E  A C T I O N  

Table 11: Properties of the Ribonuclease Derivatives Obtained after the First Acetylation and after the Second Acety1ation.a 

____- Properties after First Acetylation [ "C] Properties after Second 
Acetylation [ 3H] Acetylation Data Enzymatic Activity 

Free Amino Acetylation Data 
% Activity (Identified by) ___ V,,, Groupsb 14C Incorp 'H IncorpC + 3H Incorp 

Protective Agent Cyd-2':3'-P RNA K, (mM) (rel) (moles/mole) (moles/mole) (moles/mole) (moles/mole) 

None Expt 1 0 2 t 2  0.0 i 0.5 9.7 t 0.6 0.9 i 0.1 10.6 i 0,7 
None Expt 2 0 0.0 t 0.3 10.9 f 1.2 1.6 t 0.1 12.5 + 1.3  
RNA Expt 2 102 i 2 72 i 27 2.8 i 1.4 1.2 5.7 t 0.6 7.0 i 1.1 4.0 f 0.1 11.0 * 1.2 
CMP Expt 1 34 t 2 1 2 + 3  2.8 i 1.3 0.15 1.0 + 0.5 9.2 f 0.6 1.3 t 0.6 10.5 i 0.7 

9.8 + 1.1 2.1 + 0.1 11.9 i 1.2 CMP Expt 2 16  i 2 1.2 f 0.5 
ATP Expt 1 6 i 2  8 + 5  1.9 i 1.3 0.07 1.3 + 0.5 8.4 i 0.6 1.8 i 0.1 10.2 i 0.7 
Pyrophosphate Expt 1 2 + 2  5 i 3  3.9 i 1.2 0.06 1.5 i 0.5 9.4 f 0.6 1.9 i 0.1 11.3 f: 0.7 
Native control 100 f 2 1 0 0 i  19 2 . 8 i  1.3 1.0 11 i 0.5 

aThe major source of error in all measurements was the protein concentration determination. The uncertainties reported for each set of 
values represent the range of observations for a minimum of three replicates together with the standard error in protein concentration deter- 
mination. bTrinitrobenzenesulfonate titration values. C T h e  values in this column are maximum levels, since traces of [3H]acetate are likely to  
have been carried along as contaminants. Subsequent degradation and purification of individual peptides gave a slight reduction in 3H content 
in some of the samples. 

Scheme I1 : Degradation of Acetylated Ribonuclease. 
( N-acetyl),,- RNAase 

I o  Ut-OOH 

1-1 1-2  1p- I 

papain to yield the fractions shown in Figure 2B. The first 
of these, fraction P-1, contained only lysine; P-3, lysine and 
aspartate; and the composition of fraction P-4 corresponded 
to residues 40-45 (Table 111). Thus lysine-41 is unequivo- 
cally identified, whereas lysine-61 and -66 cannot be distin- 
guished since both of these are adjacent to an asparagine 
residue. Fraction T-3 corresponding to tryptic peptide I, 
containing lysine residues 1 and 7, was further digested 
with thermolysine to give two radioactive fractions (Figure 
2C) readily identified as the peptides containing each of the 
two lysine residues. Attempts to fragment fraction T-2, cor- 
responding to the carboxyl-terminal tryptic peptide V, con- 
taining lysine residues 91, 98, and 104, into peptides which 
would distinguish the three lysine residues were unuccess- 
ful. The ratios of [3H]- to [3H + 14C]acetate in individual 
lysine residues and in peptides are summarized in Table IV. 

It is clear that the accumulated errors in the measure- 
ments are quite high. Especially disconcerting is the signifi- 
cant background of 3H counts in the unprotected samples, 
in which no free amino groups could be detected by direct 
titration with trinitrobenzenesulfonate. It was considered to 
treat this background as an error inherent in the methods 
used and subtract these values from the values obtained for 
the protected samples. Since the actual reason for the rela- 
tively high background is not understood, such a correction 
was not carried out, however. As a consequence, the lower 
levels of 3H contents (pyrophosphate- and ATP-protected 
samples) have too large an uncertainty associated with 

them to permit reasonable interpretation. For the other 
samples, however, the background becomes a relatively in- 
significant fraction of the total count. It is important to 
bear in mind that the value for lysine-1 represents the aver- 
age of both the a- and t-amino groups of the amino-termi- 
nal lysine. Since the 3H content of lysine-1 is consistently 
lower than that of the others, it is reasonable to assume that 
the more acidic a-amino group was essentially completely 
acetylated in all the derivatives and that most of the ob- 
served 3H was contributed by the e-amino group. If this as- 
sumption is correct, the values for lysine-1 in Table IV 
should be multiplied by 2 to be directly comparable to the 
other lysine residues in which only the e-amino groups could 
be acetylated. 

Discussion and Conclusions 
Although the attempts to assay all of the individual ly- 

sine residues for 3H and 14C content were unsuccessful, the 
results in Table IV still permit several conclusions to be 
made. The first of these conclusions concerns the specific 
interaction of any one lysine residue with substrate analo- 
gues. The assumption is that such interaction would lead to 
a decreased reactivity of the lysine involved, and is based on 
a large number of cases in which protection against chemi- 
cal modification of a specific residue is affected by coen- 
zymes and substrates. In the case of ribonuclease there does 
not appear to be any one lysine residue which is specifically 
protected. Although the different protective agents definite- 
ly provided protection against the acetylation, the protec- 
tion extends to all the lysine residues with little or no selec- 
tion. It is difficult to explain this broad general protection, 
since if there is no interaction of lysines with the protective 
agents, it would be most reasonable to expect the same ex- 
tent of reaction in all samples. The possible explanation that 
the acetic anhydride concentration was decreased through 
direct reaction with the protective agents appears to be 
ruled out by the complete absence of radioactivity in the 
RNA fraction isolated by ion-exchange chromatography of 
the RNA-protected reaction mixtures. It therefore appears 
that the conclusion must be that although no single lysine 
residue interacts strongly with substrate analogues, the ad- 
dition of the analogues to the enzyme reduces the reactivity 
of all the lysine residues. A similar broad effect of ligand 
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- ELUTION VOLUME (ml) --+ 

FIGLRE 2: Peptide fractionation by ion-exchange chromatography. In 
A and C the peptide mixture in 0.025 N H3P04 (pH 2.4) was applied 
to a phosphocellulose column equilibrated with the same M3P04 solu- 
tion. After elution with the same equilibration solution a linear gradi- 
ent of 0--0.2 M KCI was applied. The vertical arrow indicates the start 
of the gradient and the dotted line in A illustrates the linear change in 
conductivity of the eluate. In  B the peptide mixture in 5 mM sodium 
borate buffer (pH 9) was applied to a TEAE-cellulose column equili- 
brated with the same buffer. After initial elution with the starting buff- 
er, a linear gradient of 5-300 mM sodium borate was applied. The el- 
uate was monitored for absorbance at  215 nm and for radioactivity. 
Some minor 215-nm absorbing peaks containing no amino acids were 
observed; these have been left without designation. One radioactive 
peak (designated P-2 in  B) was also devoid of amino acids. (A) Separa- 
tion of peptides produced by trypsin digestion of oxidized acetyl] 1-ribo- 
nuclease. The roman numerals indicate the sequence of peptides in  the 
primary structure of the enzyme. (B) Separation of peptides produced 
by papain digestion of tryptic peptide T-l ( IV).  (C) Separation of pep- 
tides produced by thermolysin digestion of tryptic peptide 7 -3  ( I ) .  Al- 
though only Th-l  and Th-2 are relevent to this paper it should be noted 
that Th-3 accounts for the carboxyl terminal end (Phe-Glu-Arg) of the 
decapeptide. 

binding has been observed in the case of CO-binding to he- 
moglobin (Benson et al., 1973).  In that case CO binding 
caused a shift of the spectrum of rates of hydrogen ex- 
change to more rapid rates, suggesting that large conforma- 
tional changes are associated with the ligand binding. Simi- 
larly, the addition of N-acetyl-D-glucosamine to egg white 
lysozyme caused a significant decrease in the exchange rate 
of all exchangeable hydrogens (Wickett et al., 1974). In 
both of these cases the influence of the bound ligand is 
propagated through the entire protein, and in analogy it ap- 
pears reasonable to propose that the general reduction in re- 
activity of lysine residues in the presence of substrate analo- 
gues in ribonuclease reflects a conformational change which 
involves the entire molecule. The lack of specific protection 
of lysine-41 or -7 must be considered to be consistent with 
the conclusions derived from x-ray crystallography, that the 
proposed active site lysines are out of contact with the sub- 
strate analogues. 

This does not mean, however, that lysine residues could 
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not be involved in the catalytic mechanism of ribonuclease. 
Assuming that RNA was completely digested to products 
by the time the acetic anhydride was added, all the reaction 
mixtures contained static complexes of enzyme and sub- 
strate analogues with no catalysis taking place, and the re- 
sults cannot be strictly interpreted in terms of the role of 
lysines in the dynamic action of the enzyme. 

The other question of interest, whether a single lysine 
residue is specifically required for activity, can also be an- 
swered by the results in Table IV. If catalysis requires par- 
ticipation of a specific lysine residue, the percentage of ac- 
tivity of any one derivative could never exceed the percent- 
age of that residue which remained free after the first acet- 
ylation. In other words, if lysine-41 were required, a deriva- 
tive containing 15% of its lysine-41 unacetylated could have 
no more than 15% of native activity. Due to the distinct pos- 
sibility that extensive acetylation could lead to a general de- 
naturation the expected activity for the above example 
could well be less than the maximum 15%. Such a denatur- 
ation may well be what was observed for the low activity 
samples (pyrophosphate and ATP protection). For all the 
derivatives with more than 10% activity remaining, how- 
ever, each derivative has much higher activity than can be 
accounted for by any one lysine residue. The possibility that 
the high activity is derived from superactive acetylated 
species cannot be completely eliminated, but the fact that 
derivatives with low and intermediate acetyl content never 
showed activity significantly higher than the unreacted con- 
trol makes this explanation implausible. This leaves only 
two possible explanations for this finding and both exclude 
the possibility that a single lysine residue is uniquely re- 
quired for activity. The first explanation is that there is no 
lysine involved 5n the enzyme activity and that the loss of 
activity simply reflects general denaturation of the enzyme. 
The second explanation is that the catalytic activity of the 
enzyme depends on the participation of a lysine residue, but 
that more than one residue can satisfy the requirement. Al- 
though we have no experimental evidence to exclude the 
first explanation, the second explanation appears more sat- 
isfactory in explaining all the data on chemical modification 
of lysines in ribonuclease. An examination of a model of the 
ribonuclease molecule reveals that four lysine residues have 
direct access to the active site, the other six are shielded 
from the active site by folds of the polypeptide chain. The 
four lysines are residues 7, 41, 66, and 104, and according 
to the measurements of Richards and Wyckoff (1971) the 
distances of the four charged amino groups from a phos- 
phate group in the active site of ribonucleases S are 8, 6.5, 
11, and 19 A, respectively. The recent work by Carlisle and 
coworkers (1 974) demonstrates that lysine-7 is considerably 
closer to the active site of ribonuclease A, the form of the 
enzyme studied in this work, and it thus appears that lysine- 
7 and -41 and perhaps also -66 are close enough to the ac- 
tive site to provide a positive charge in the vicinity of the 
catalytic action. This model is quite satisfactory in explain- 
ing the data in Table IV. Using an estimated value for ly- 
sine-66 acetylation (assuming -61 and -66 to be acetylated 
to the same extent), the activity of the different derivatives 
can be accounted for quite well by the sum of free lysine-7, 
-41, and -66, suggesting that either one of the three residues 
can provide the acidic function required in the reaction. If 
this model is correct, it is suggested that the 0-5% catalytic 
activity observed with the derivatives containing dinitro- 
phenyllysine-41 (Hirs, 1962; Fung and Doscher, 1971), sul- 
fonyloxynitrophenyllysine-4 1 (Carty and Hirs, 1968), and 

B I O C H E M I S T R Y ,  V O L .  1 5 ,  N O .  2 ,  1 9 7 6  309 



W A L T E R  A N D  W O L D  

pyridoxyllysine-41 (Raetz and Auld, 1972; Dudkin et al., 
1975) and the 10-30% activity observed with pyridoxyllys- 
ine-7 derivatives (Raetz and Auld, 1971; Dudkin et al., 
1975) must to a great extent be due to steric effects of the 
relatively large and bulky reagent groups. The literature is 
ambiguous on this point. Allewell et al. (1973) observed a 3 
8, displacement of the eNH2 group of Lys-41 after dinitro- 
phenylation, but concluded that the group was well sepa- 
rated from the substrate binding site. Dudkin et al. (1975) 
on the other hand have concluded that the pyridoxyl group 
in the Lys-41 derivative is located directly in the active site. 
Thus both steric hindrance and conformational distortion 
may have to be invoked to explain the loss of activity. The 
considerably smaller acetyl groups would presumably give a 
minimum of steric blocking and distortion, and full activity, 
corresponding to the sum of free lysine-7, -41, and -66, 
could be observed. 

This model provides a reasonably consistent picture of all 
the observations made on ribonuclease, and satisfactorily 
explains the apparent conflict between the observations 
made on the enzyme in solution and in the crystalline state. 
In the static complex between substrate analogues and en- 
zyme there is no role for lysine residues, and consequently 
no interaction between the substrate analogue and any one 
lysine residue is observed. When an actual substrate is sit- 
uated in the active site, it has been proposed by several 
workers that catalysis requires a transition state in which a 
pentacoordinated phosphate must be stabilized through the 
interaction of one of the oxygens with a positively charged 
residue (Witzel, 1963; Wang, 1968; Usher, 1969; Roberts 
et al., 1969). Thus it appears that a lysine is required for ca- 
talysis, but any one of two or three lysines can satisfy the 
requirement. It is interesting indeed that the comparative 
sequence data compiled by Welling et al. ( 1  973) have es- 
tablished lysine-7, -41, and -66 to be invariant in a large 
number of ribonucleases. 
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