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In introducing this summary of ex- 

periments on two enzymes, we wish to 
indicate that the information is repre- 
sentative of what biochemists are ob- 

taining about many proteins. An under- 

standing of the host of reactions in 
which proteins participate in living cells 

requires information on the molecular 
architectures of a wide variety of pro- 
teins of different origins and different 
functions. Such information is coming 
from laboratories all over the world 
and draws upon a rich heritage of ex- 

perience from many investigators. And 
such knowledge is fundamental to prog- 
ress in medical research; the Nobel 
awards this year in chemistry (concern- 
ing ribonuclease) and in physiology or 
medicine (concerning antibodies) both 
concern basic researches on the chem- 

istry and the biology of proteins. 
Occasionally (1) it has been educa- 

tional to write the structural formula 
for ribonuclease in full, in terms of its 
1876 atoms of C, H, N, 0, and S. 

Portrayal of the complete molecule 
with all of the atoms of the amino 
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groups, carboxyl groups, hydroxyl 
groups, guanido groups, imidazole 

rings, phenolic groups, indole rings, 
aromatic, aliphatic, and thioether side 

chains, sulfhydryl groups, and disulfide 

bonds, helps in the visualization of the 
almost infinite number of ways in which 
such groups could be arranged. This 
characteristic of proteins makes it pos- 
sible for nature to design catalysts for 
such a variety of specific reactions. 
There is no law that says that a nucleic 
acid or a polysaccharide could not be 
an enzyme. But it is understandable 
that the enzymes so far isolated have 
turned out to be proteins; a protein is 

equipped to participate, sometimes 

through cooperation with coenzymes, in 
the whole lexicon of organic reactions 
that require catalysis in the living cell. 

Purification of Ribonuclease 

The first step in the study of the 
structure of ribonuclease was, of course, 
its purification. Ribonuclease was first 
described in 1920 by Jones (2), who 
showed that there was present in beef 

pancreas a relatively heat-stable enzyme 
capable of digesting yeast nucleic acid. 
Dubos and Thompson (3) partially 
purified the enzyme some 18 years 
later, and in 1940 Kunitz (4) described 
the isolation of bovine ribonuclease in 

crystalline form after fractionation by 
ammonium sulfate precipitation. In 
order to be as certain as possible that 
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we were beginning the structural study 
with a single molecular species, we 
undertook to apply the potential resolv- 
ing power of ion exchange chroma- 

tography to ribonuclease (Fig. 1). 
While Werner Hirs, in our laboratory, 
was exploring the chromatographic 
purification of ribonuclease on the 

polymethacrylic resin Amberlite IRC- 
50 (5, 6), Paleus and Neilands (7), in 
Stockholm, were studying cytochrome c 
on the same exchanger. These two pro- 
teins were the first molecules of their 
size to be thus purified. The best reso- 
lution for ribonuclease (Fig. 2) is now 
obtained (8) with an exchanger in- 
vented in Uppsala, a sulfoethyl cross- 
linked dextran, which was a devel- 
opment that grew from Porath and 
Flodin's (9) experiments on gel filtra- 
tion and drew upon Sober and Peterson's 
(10) emphasis on the advantages of a 

carbohydrate matrix for the exchanger. 
When pancreatic extracts were ana- 

lyzed without prior fractionation, 
two peaks of enzymatic activity were 
observed by us (6) by ion exchange 
chromatography and by Martin and 
Porter (11) by partition chromatogra- 
phy. The major component, ribonu- 
clease A, was selected for the first struc- 
tural studies. [In later independent ex- 

periments, Plummer and Hirs (12) iso- 
lated ribonuclease B in pure form from 

pancreatic juice and showed it to be the 
same as A but with the addition of a 

carbohydrate side chain attached to one 

asparagine residue.] 

Amino Acid Analysis 

The second step in the structural 

study of ribonuclease A was the deter- 
mination of the empirical formula of 
the chromatographically homogeneous 
protein in terms of the constituent 
amino acids. Our appreciation of the 

importance of quantitative amino acid 

analysis began in the late 1930's when 
we had the special privilege of start- 

ing our postdoctoral studies in appren- 
ticeship to Max Bergmann (13). In 
1945 it was possible to take a new look 
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Fig. 1 (left). Chromatography of crystalline bovine pancreatic ribonuclease (curve A) on the polymethacrylic acid resin Amber- 
lite IRC-50 (elution with 0.2M sodium phosphate buffer at pH 6.45). Curve B. was obtained upon rechromatography of material 
from peak A [from (5)]. Fig. 2 (right). Behavior of IRC-50 purified ribonuclease on IRG-50 (A), Sephadex G-75 (B), and 
sulfoethyl-Sephadex (C) at pH 6.5 [from (8)]. 

at the subject in light of the renaissance 
in chromatography stimulated by Mar- 
tin and Synge in the early 1940's 
(14). In 1949, Iby combining a 

quantitative photometric ninhydrin 
method (15) with elution of amino 
acids from starch columns by alcohol: 
water eluents (16) on an automatic 
fraction collector (17), we were able to 

analyze a protein hydrolyzate in about 
2 weeks by running three such chro- 
matograms to resolve all overlaps. In 
the early 1950's, the process was speed- 
ed up to 1 week (Fig. 3) by turning to 
ion exchange chromatography on a sul- 
fonated resin (18, 19). In 1958, in co- 
operation with, Darrel Spackman (20, 
21), the process was automated (Fig. 
4) to give recorded curves (Fig. 5), and 
the speed was increased to give an over- 
night run. Shorter columns and faster 

Table 1. Amino acid composition of ribo- 
nuclease A (37). 

Residues 

Amino acid per molecule* 
(No.) 

Aspartic acid 15 
Glutamic acid 12 
Glycine 3 
Alanine 12 
Valine 9 
Leucine 2 
Isoleucine 3 
Serine 15 
Threonine 10 
Half-cystine 8 
Methionine 4 
Proline 4 
Phenylalanine 3 
Tyrosine 6 
Histidine 4 
Lysine 10 
Arginine 4 

Total number of residues 124 

Amide NH3 17 

* The calculated molecular weight is 13,683. 
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flow rates (22) permitted an analysis 
time of about 6 hours. Results from 
many academic and industrial labora- 
tories have helped to make the proce- 
dures simpler and more rapid. Some re- 
cent users have adopted 2-hour systems 
[see (23)], and the ninhydrin reagent 
has been improved (24). In the 1970's, 
a number of industrially designed ana- 

lyzers with increased automation have 
reduced the time for a complete analy- 
sis to about 1 hour and have increased 
the sensitivity to the nanomole range. 
The sharing of knowledge among aca- 
demic scientists and industrial designers 
of instruments and manufacturers of 
ion exchangers has played an important 
role in the progress of biomedical re- 
search in this field. 

In 1972 there are continuing devel- 

opments that may make amino acid 

chromatography more ultramicro and 
more expeditious. These contributions 
include the introduction by Udenfriend 
and his colleagues of an analog of nin- 

hydrin (25) that yields, at room tem- 

perature, a fluorescent product that can 
be detected at extremely low concentra- 
tions; there is also the continuing possi- 
bility that gas chromatography can give 
fully satisfactory results with amino 
acid derivatives. 

The precision and sensitivity of cur- 
rent procedures for amino acid analy- 
sis have ,been recently reviewed (26). 
The developmental research on quanti- 
tative amino acid analysis has also 
yielded procedures for the isolation of 
acids on a preparative scale (27), for 
the determination of D and L amino 
acids (28), for the analysis of hydroly- 
zates of foods (29), and for the deter- 
mination of free amino acids in blood 
plasma (30), urine (31), and mammalian 
tissues (32)-topics that extend beyond 
the scope of this lecture. Specific dis- 
coveries from such studies include the 

findings by Harris Tallan of 3-methyl- 
histidine (33) and tyrosine-O-sulfate 
(34) in human urine, acetylaspartic 
acid in brain (35), and cystathionine in 
human brain (36). 

Structure of Ribonuclease 

The empirical formula of bovine pan- 
creatic ribonuclease (Table 1), deter- 
mined by the chromatographic methods 

applied during structural study, turned 
out to be that of a molecule containing 
124 amino acid residues. From the 
known mechanisms of protein biosyn- 
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thesis, coupled with the susceptibility 
of the peptide bonds to enzymatic hy- 
drolysis, all of the residues are almost 

certainly of the L configuration. The 
calculated molecular weight is 13,683. 

The experience with amino acid 

chromatography led us to try to develop 
column methods with sufficient resolv- 
ing power for the separation of the pep- 
tides formed by the enzymatic hydroly- 
sis of performic acid-oxidized ribonu- 
clease (37), as in the chromatogram 
illustrated in Fig. 6 from the experi- 
ments of Werner Hirs, who was the-first 
postdoctoral associate to join our labo- 

ratory. Fifteen young scholars began 
their postgraduate careers on the re- 
searches summarized in this lecture. 
Each citation of their contributions con- 
notes our recognition of the ideas, the 
hard work, and the enthusiasm that 
facilitate productive research; each of 
these biochemists shares the credit for 
the results reported on this occasion, 
and we continue to be stimulated by 
their current independent accomplish- 
ments. 

Werner Hirs, through gradient elu- 
tion from Dowex 50-X2, obtained 100 

percent yields of the peptides that were 

completely liberated by tryptic hydroly- 
sis. The elucidation of the sequences 
of amino acid residues in the peptides 
and the crossword puzzle-like ordering 
of the peptides followed many of the 
principles established by Sanger (38) 
in his pioneering determination of the 
structure of insulin; but with the larger 
molecule of 124 amino acid residues 
quantitative methods were particularly 
helpful in the interpretation of the re- 
sults. A key chemical method in studies 
of molecules of this size has been the 
sequential degradation method devel- 
oped by Pehr Edman (39) with phenyl- 

Fig. 4. Schematic of automatic recording apparatus for the chromatographic analysis of mixtures of amino acids [from (21)]. 
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Fig. 5 (left). Chromatographic analysis of a mixture of amino acids automatically recorded in 22 hours by the equipment shown 
in Fig. 4 [from (21)]. Fig. 6 (right). Chromatographic separation of the peptides in a tryptic hydrolyzate of oxidized ribo- 
nuclease A [from (37)]. 
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isothiocyanate as the reagent. Instead 
of determining the resulting phenyl- 
thiohydantoins, we have generally used 
a subtractive procedure in which we 
utilize the amino acid analyzer to tell 
us which amino acid has been removed 
in each step. 

The formula for ribonuclease (Fig. 
7), largely developed by Werner Hirs 
(40), Darrel Spackman (41), and Derek 

Smyth (42, 43), but drawing impor- 
tantly upon the results of several key 
experiments by Christian B. Anfinsen 
and his associates (44), in Bethesda, is 
here written with the customary abbre- 
viations. Ribonuclease was the first en- 

zyme for which the sequence could be 

written, and the determination of its 
structure was a logical sequel to Sanger's 
success with the hormone insulin. 

The writing of such a two-dimen- 
sional formula is only the first step. 
Linderstr0m-Lang (45) referred to such 
a sequence as the primary structure of 
the protein. Catalysis is a three-dimen- 
sional operation which involves what 

Lang termed the secondary and tertiary 
structures of the chain. 

As chemists, we had made some pre- 
dictions, through derivatization experi- 
ments, about residues that were folded 

together to form the active center of ri- 
bonuclease. Through Gerd Gundlach's 
studies on the inactivation of ribonu- 
clease by alkylation with iodoacetate 
(46) and Arthur Crestfield's demonstra- 
tion of the reciprocal alkylation of two 
essential histidine residues by iodoace- 
tate at pH 5.5 (47), we concluded that 
the imidazole rings of histidine-119 and 
histidine-12 were at the active center 
and were about 5 A apart. Robert Hein- 
rikson, in our laboratory, from experi- 
ments on the alkylation of lysine at pH 
8.5 (48), and drawing upon independent 
dinitrophenylation experiments by Hirs 
et al. (49), further concluded that the 
E-amino group of lysine-41 was prob- 
ably 7 to 10 A from the imidazole ring 
of histidine-12 and somewhat further 
removed from histidine-119. 

But the chemical approach does not 

begin to provide enough data to build 
an adequate model of an enzyme as a 
whole. The great advances in x-ray 
crystallography pioneered by Perutz 
(50) and Kendrew (51) have opened 
a whole new chapter in this regard, 
with knowledge of the sequence, at 
least in considerable part, being a pre- 
requisite for the solution of the x-ray 
problem in the present state of the art. 
We were waiting with great anticipa- 
tion for the results of x-ray analysis- of 
crystals of ribonuclease which came in 
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Fig. 7. The sequence of amino acid residues in bovine pancreatic ribontuclease A [from 
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1967 through the researches of Kartha, 
Bello, and Harker (52) on ribonuclease 
A and of Wyckoff and Richards and 
their associates (53) on ribonuclease S. 
In the S form of the enzyme (54, 55), 
which is fully active, the chain has been 
cleaved primarily between the 20th and 
21st residues by controlled proteolysis 
with subtilisin. 

Examination of the model shows the 

approximate positions of the imidazole 

rings of histidines-12 and -119 and the 
e-amino group of lysine-41 to be com- 

patible with the chemical predictions. 
The substrate for ribonuclease (Fig. 8) 
is ribonucleic acid, which, from the re- 
sults of experiments in the laboratories 
of Todd, of Cohn, and of Markham 
[reviewed in (56)] is cleaved at the 5'- 

phosphate ester bond following a pyri- 
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midine-containing nucleotide to give, 
by transphosphorylation, the cyclic 
2',3'-phosphate which, in a second 

step, is hydrolyzed to the 3'-ester. The 

x-ray data show that the substrate fits in 
a trough on the surface of the protein 
with the phosphate moiety near the two 
imidazole rings of histidines-12 and -119 
and with the pyrimidine ring tucked 
into a hydrophobic pocket close to the 
aromatic ring of phenyalaanine-120. 

From this picture of the active site 
[reviewed in (57)], chemical and physi- 
cal experimentation is progressing in a 
number of laboratories toward defini- 
tion of the catalytic process in as ex- 

plicit terms as possible, with primary 
roles for one charged imidazole and 
one uncharged imidazole participating 
in the push-pull which results in trans- 

H H 
I I 
C=C H 

N C-N 
\ / / 
C-N H 

0 ibonuc 
Ribonucleose 

(Step 2) 

6 
-O-P=O 

H H 
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I 

O-P-O 4-+ H+ 
0 

Fig. 8. The action of ribonuclease on ribonucleic acid [reviewed in (56)J. 
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phosphorylation or hydrolysis of the 
phosphate ester bond. 

These further experiments carry the 
subject into the third chapter in the his- 
tory of ribonuclease, its chemical syn- 
thesis, which has grown from the many 
innovations in the methods for peptide 
synthesis in recent years. A preparation 
with 70 percent of the activity of native 
ribonuclease has been synthesized 
through a major effort by butte and 
Merrifield (58). An active ribonuclease 
S protein has been synthesized by 

E 

00 

r 

4-4 
o 
oo0 

cs 
0 
a 

.0 

o 
uJ Cl) 

Hirschmann, Denkewalter, and asso- 
ciates (59). The yields in the syntheses 
are dependent upon a very important 
property of the disulfide bonds of ribo- 
nuclease studied by White (60) and by 
Anfinsen and his associates (61) and re- 
viewed particularly in terms of its spe- 
cial biological significance by Anfinsen 
(62). The reduced chain with eight -SH 
groups folds to give the proper pairs of 
S-S bonds for the active conformation 
of the protein. The intramolecular 
forces that guide such a folding and 

E 

.67M .> 

,0 ?< 

Fig. 9. Chromatography 
of bovine pancreatic 
deoxyribonuclease, pre 
pared by ammonium sul- 
fate precipitation (74), 
on phosphocellulose at 
pH 4.7 with a sodium 
acetate buffer of increas- 
ing molarity [from (77)]. 

Effluent (ml) 

10 Carb. 

Leu-Lys-Ile-Ala-Ala-Phe-Asn-I le-Arg-Thr-Phe-Gly- Glu-Thr-Lys-Met-Ser-Asn- 

20 30 
Ala -Thr-Leu-Ala-Ser-Tyr -Ile-Val-Arg-Arg -Tyr-Asp-I le -Va l-Leu-Ile-Glu-Gln-Val - 

40 50 
Arg-Asp-Ser-His-Leu-Val-Ala-Val- Gly-Lys-Leu-Leu-Asp-Tyr- Leu-Asn-Gln-Asp-Asp- 

60 70 
Pro-Asn-Thr-Tyr-His-Tyr-Val -Val- Ser-Glu- Pro-Leu-Gly- Arg-Asn-Ser-Tyr-Lys-Glu- 

80 90 
Arg-Tyr- Leu-Phe-Leu-Phe-Arg-Pro-Asn-Lys-Val-Ser-Val- Leu-Asp-Thr-Tyr - Gn-Tyr - 

100 110 

Asp-Asp-Gly-Cys-Glu- Ser-Cys-Gly -Asn-Asp-Ser-Phe-Ser-Arg-Glu-Pro-Ala -Va- Val- 
I J 

130 

Lys-Phe-Ser-Ser- His -Ser-Thr-Lys-Val- Lys-Glu-Phe-Ala-Ile- Val-Ala-Leu-His-Ser- 

140 150 
Ala-Pro-Ser-Asp-Ala-Val- Ala-Glu-lle-Asn-Ser-Leu-Tyr -Asp-Val-Tyr-Leu-Asp-Val - 

160 170 
Gln-Gln- Lys -Trp-His-Leu-Asn-Asp-Val-Met-Leu-Met-Gly-Asp-Phe-Asn-Ala-Asp-Cys- 

180 
Ser-Tyr-Val-Thr-Ser-Ser-Gln-Trp-Ser-Ser-Ile -Arg-Leu-Arg-Thr- Ser-Ser-Thr-Phe- 

190 200 
Gln-Trp-Leu-Ile- Pro-Asp-Ser-Ala-Asp-Thr-Thr-Ala-Thr-Ser-Thr-Asn-Cys-Ala-Tyr- 

210 220 
Asp-Arg-Ile-Val-Val-Ala-Gly-Ser-Leu-Leu-Gln-Ser-Ser-Val- Vl-Gly- Pro-Ser-Ala- 

230 240 
A la-Pro-Phe-Asp-Phe-Gln-Ala-Ala-Tyr-Gly-Leu-Ser-Asn-Glu-Met-Ala-Leu-Ala-Ile- 

250 257 
Ser-Asp-His-Tyr-Pro-Val- Glu-Val-Thr-Leu-Thr 

Fig. 10. The sequence of amino acid residues in bovine pancreatic deoxyribonuclease A 
[from (78, 79)]. The abbreviations used are: Asn, asparagine; Gln, glutamine; Trp, 
tryptophan; the other abbreviations are listed in the legend to Fig. 7. 
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the similar forces that contribute to the 
specific aggregation of the chains of a 

protein with multiple subunits, such as 
hemoglobin, form a continuing subject 
of research. 

The ability to synthesize ribonuclease, 
or major parts thereof, opens new ave- 
nues for the identification of residues 
that may be essential for activity 
through the preparation of analogs of 
ribonuclease with substitutions at spe- 
cific positions. Hoffman and Scoffone 
and their respective associates [reviewed 
in (57)] have done this at the amino 
end of the chain by synthetic variations 
in Richards' S peptide. We have coop- 
erated with Merrifield and his associates 
in the following recent series of experi- 
ments which illustrate the application 
of chemical surgery to the COOH end 
of the molecule and the use of synthetic 
replacements. 

How can we examine the question of 
whether the proximity of the aromatic 
ring of phenylalanine-120 and the pyri- 
midine ring of the substrate leads to 
specific interaction between two six- 
membered rings in a way which is im- 

portant in the binding of substrate to 
enzyme? Michael Lin, in our labora- 
tory, was able to cut off, enzymatically 
[by pepsin according to Anfinsen (63) 
plus carboxypeptidase A], the last six res- 
idues from ribonuclease which include 

phenylalanine-120 and histidine-119. 
The resulting molecule (64) is com- 

pletely inactive and does not bind sub- 
strate. Concurrently, Gutte and Merri- 
field had synthesized the 14-residue L- 

peptide from glutamic acid-111 through 
valine-124. When this synthetic frag- 
ment is mixed with the molecule miss- 

ing residues 119 to 124, the added pep- 
tide is adsorbed and 90 percent of the 

activity of the native enzyme is re- 

gained (65). The missing histidine is 
thus supplied for the active center; 
other residues in the peptide adsorb on 
the protein core in such a way as to re- 
form the binding site and the catalytic 
site. This result parallels in principle 
the earlier experiment of Richards and 

Vithayathil (55) on the removal and 

adsorption of the S peptide at the NH., 
end. 

When leucine or isoleucine is sub- 
stituted for phenylalanine at position 120 
in the synthetic peptide, the combina- 
tion of peptide and protein has 10 per- 
cent of the activity of ribonuclease and 
binds substrate as effectively as the 
native enzyme (66). In this way we 
conclude that the aromatic ring is not 
essential for binding of the pyrimidine 
ring or for activity. But the lower ac- 
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tivity when leucine or isoleucine is sub- 
stituted indicates that the aromatic ring 
of phenylalanine fits into the hydro- 
phobic pocket more specifically than 
the aliphatic side chains and probably 
serves to orient histidine-119 more ex- 
actly in the delicate balance with histi- 
dine-12 that gives the active site its 
full catalytic power. 

Another way to learn what residues 
can be varied without loss of activity is 
to study the changes in pancreatic ribo- 
nucleases from different species, as has 
been done for the enzymes from sheep 
(67), rat (68), and pig (69, 70). 

Deoxyribonuclease 

A further way to gain insight into 
what makes ribonuclease so specific for 
its special substrate is to look at en- 
zymes that hydrolyze similar sub- 
strates. In the past few years we have 
turned our attention to pancreatic de- 
oxyribonuclease. This enzyme, which is 
about twice the size of ribonuclease, 
hydrolyzes DNA in the presence of bi- 
valent cations, such as Mn2+, to give 
5'-mononucleotides and larger frag- 
ments (71). Deoxyribonuclease first at- 
tracted special attention in the classic 
work of Avery, MacLeod, and McCarty 
(72), who showed that the transforming 
principle of the pneumococcus could be 
destroyed by the action of the enzyme. 
McCarty's (73) experiment on the pur- 
ification of the enzyme from pancreas 
were followed by those of Kunitz (74) 
and of Lindberg (75). Our studies be- 
gan when Paul Price, as a graduate 
student, undertook the chromatographic 
purification of deoxyribonuclease. His 
initial studies showed that the enzyme, 
in the absence of bivalent metals, was 
extremely sensitive to proteolysis. Suc- 
cess in the purification depended on 
keeping metals such as Ca2+ present or 
on adding diisopropyl phosphorofluori- 
date to inactivate the pancreatic pro- 
teases. He succeeded in resolving prep- 
arations of deoxyribonuclease into two 
active components on sulfoethyl-Sepha- 
dex (76) and Hans Salnikow subse- 
quently obtained even higher resolving 
power (Fig. 9) with phosphocellulose 
(77). There are three main active com- 
ponents: deoxyribonuclease A is a gly- 
coprotein, deoxyribonuclease B is a si- 
aloglycoprotein, and deoxyribonuclease 
C is similar to A but with a proline resi- 
due substituted for one histidine. These 
three deoxyribonucleases were also pres- 
ent in the pancreatic juice from a single 
animal. 
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Fig. 11. Diagram of special features of 
deoxyribonuclease A (79) and the substi- 
tution of Pro for His in deoxyribonuclease 
C (85). 

The determination of the chemical 
structure of deoxyribonuclease A was 
undertaken by Hans Salnikow (78) and 
carried to completion this year by Ta- 
hsiu Liao (79). The working hypothesis 
for the structure of the molecule (Fig. 
10) indicates a single chain of 257 
residues with two disulfide bonds. The 
ordering of the tryptic and chymo- 
tryptic peptides in the reduced and car- 
boxymethylated chain and the pairing 
of the half-cystine residues in the native 
enzyme were greatly facilitated by the 
cleavage of the molecule at the four 
methionine residues by cyanogen bro- 
mide by the method of Gross and Wit- 
kop (80). Amino acid analyses at the 
nanomole level made possible sequence 
determinations on small amounts of 
peptides isolated by chromatography or 
paper electrophoresis. 

Some of the special features of the 
structure can be discussed in reference 
to the diagram in Fig. 11. The carbo- 
hydrate side chain, which contains two 
residues of N-acetylglucosamine and 
two to six residues of mannose (76, 77, 
81) and which Brian Catley showed 
was attached via an aspartamidohexos- 
amine linkage to a -Ser-Asn-Aia-Thr- 
sequence (81), is found at only one 
position in the chain, at residue 18. 
Tony Hugli studied the nitration of de- 
oxyribonuclease (82) by tetranitro- 
methane (83); the enzyme is inacti- 
vated by the modification of one tyro- 
sine residue which turns out to be resi- 
due 62. Paul Price discovered that in- 
activation of deoxyribonuclease by 
iodoacetate in the presence of Cu2+ 
and tris buffer (84) is accompained by 
carboxymethylation of one residue of 
histidine; from the sequences of a 3- 
carboxymethylhistidine-containing pep- 
tide and that of the protein, the essen- 
tial imidazole ring is found to be in 
residue 131. Deoxyribonuclease C (77) 

is the result of a mutation which causes 
one histidine to be replaced by a pro- 
line without any change in the activity. 
Hans Salnikow and Dagmar Murphy 
(85) have shown that this change oc- 
curs at position 118; the histidine at 
this position in deoxyribonuclease A is 
thus not essential for enzymatic activity. 

The two disulfide bonds of deoxyribo- 
nuclease possess some unusual proper- 
ties. Paul Price showed that even with- 
out the use of a denaturing agent both 
bonds are very easily reduced by mer- 
captans in the absence of calcium to 
give an inactive product. In the pres- 
ence of calcium, one bond is stable and 
one bond is reduced (86), and the 
product is active. Ta-hsiu Liao has iden- 
tified the nonessential disuifide bond as 
the one forming the small loop between 
residues 98 and 101 (79). When the 
larger loop, formed by half-cystines 170 
and 206, is opened, the activity is lost. 

The next step will be the correlation 
of the chemical evidence with the three- 
dimensional structure of the enzyme, if 
x-ray analysis of crystalline deoxyribo- 
nuclease A can be successfully accom- 
plished. 

Conclusion 

In the course of studying enzymes of 
different functions, we have had the 
pleasure of cooperation with Kenji 
Takahashi in the identification of a 
carboxyl group of glutamic acid as 
part of the active site of ribonuclease 
T1 (87). The essential -SH group and 
histidine residue of streptococcal pro- 
teinase have been studied in collabora- 
tion with Stuart Elliott and Teh-yung 
Liu (88). The esterification of carboxyl 
groups at the active center of pepsin 
was explored with T. G. Rajagopalan 
(89). There is a vast amount of basic 
information needed on various en- 
zymes before biochemists can explain 
catalytic action in full detail. Enzyme 
chemistry today is in a stage of devel- 
opment that bears some similarity to 
that of organic chemistry at the begin- 
ning of this century. At that time there 
was great activity in documenting the 
properties of the myriad small organic 
compounds conceivable by man and 
nature. Today, in the polypeptide field, 
the list of determined structures is rela- 
tively small. The enzymes that have 
been studied first are those that can be 
prepared in gram quantities, such as 
ribonuclease, trypsin, lysozyme, carbox- 
ypeptidase, and subtilisin. The experi- 
ence in the determination of such 
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structures is leading to ultramicrometh- 
ods which will extend the range of 
structural studies to tissue enzymes that 
are present in very small amounts. 

From the knowledge of the structures 
of a large series of enzymes, underlying 
principles of how nature designs cata- 
lysts for given purposes will evolve. 
And there will be practical dividends 
from such research on proteins. One ex- 
ample of research in progress can illus- 
trate this possibility. The project devel- 
oped in the following way: In the 
course of examining the importance of 
the three-dimensional configuration of 
ribonuclease to its activity, George 
Stark had occasion to dissolve the en- 
zyme in 8M urea at 40?C (90). In one 
of those experiments the ribonuclease 
was not active after the urea was re- 
moved by dialysis, and it turned out 
that traces of cyanriate in the urea solu- 
tion had carbamylated the e-NH2 
groups of the enzyme. The chemistry of 
the subject carries us back to Wohler's 
(91) observations on the relation be- 
tween ammonium cyanate and urea in 
1828. 

In 1970, Anthony Cerami and James 
Manning (92), two young investigators 
at the Rockefeller University, undertook 
to explore, fully on their own initiative, 
whether traces of cyanate in urea might 
have a role in the reported beneficial 
effect of urea on the sickling of erythro- 
cytes of individuals carrying hemoglobin 
S. They have discovered that there is 
such an effect of cyanate on human 
erythrocytes, and that it is accompanied 
by carbamylation of the a-NH2 groups 
of the valine residues of the a and /3 
chains of hemoglobin S. The knowledge 
that a relatively simple chemical modi- 
fication of hemoglo'bin S can restore 
nearly normal function to the deficient 
molecule opens the possibility that a 

genetic defect in man might be reme- 
died, not by having to change the gene, 
but by derivatizing the protein. 

Such results afford an example of the 
manner in which one finding leads to 
another in basic research and ultimately 
to possible benefits to man. When we 
consider biochemistry in 1972, it is im- 

portant to realize how fragmentary is 
our knowledge of the molecular basis of 
life. Very few macromolecules can be 
discussed in the detail with which ribo- 
nuclease or hemoglobin can be defined. 
Such knowledge of structure-function 
relationships is basic to the rational ap- 
proach to the intricate synergisms of 

living systems. 

References and Notes 

1. W. H. Stein and S. Moore, Sci. Amer. 204, 
81 (Feb. 1961). 

2. W. Jones, Amer. J. Physiol. 52, 203 (1920). 
3. R. J. Dubos and R. H. S. Thompson, J. Biol. 

Chem. 124, 501 (1938). 
4. M. Kunitz, J. Gen., Physiol. 24, 15 (1940). 
5. C. H. W. Hirs,. W. H. Stein, S. Moore, J. 

Amer. Chem. Soc. 73, 1893 (1951). 
6. C. H. W. Hirs, S. Moore, W. H. Stein, J. 

Biol. Chem. 200, 493 (1953). 
7. S. Pale6us and J. B. Neilands, Acta Chem. 

Scand. 4, 1024 (1950). 
8. A. M. Crestfield, W. H. Stein, S. Moore, 

J. Biol. Chem. 238, 618 (1963). 
9. J. Porath and P. Flodin, Nature 183, 1657 

(1959). . 
10. H. A. Sober and E. A. Peterson, J. Amer. 

Chem. Soc. 76, 1711 (1954). 
11. A. J. P. Martin and R. R. Porter, Biochem. 

J. 49, 215 (1951). 
12. T. H. Plummer, Jr., and C. H. W. Hirs, J. 

Biol. Chem. 238, 1396 (1963); ibid. 239, 2530 
(1964). 

13. S. Moore, .W. H. Stein, M. Bergmann, Chem. 
Rev. 30, 423 (1942). 

14. A. J. P. Martin and R. L. M. Synge, Biochem. 
J. 35, 1358 (1941); A. J. P. Martin, Annu. 
Rev. Biochem. 19, 517 (1950); R. L. M. 
Synge, Analyst 71, 256 (1946). 

15. S. Moore and W. H. Stein, J. Biol. Chem. 
176, 367 (1948). 

16. -_- , ibid. 178, 53 (1949); W. H. Stein and 
S. Moore, ibid., p. 79. 

17. W. H. Stein and S. Moore, ibid. 176, 337 
(1948). 

18. S. Moore and W. H. Stein, ibid. 192, 663 
(1951). 

19. -- , ibid. 211, 893, 907 (1954). 
20. S. Moore, D. H. Spackman, W. H. Stein, 

Anal. Chem. 30, 1185 (1958). 
21. D. H. Spackman, W. H. Stein, S. Moore, ibid., 

p. 1190. 
22. D. H. Spackman, Fed. Proc. 22, 244 (1963). 
23. --, Methods Enzymol. 11, 3 (1967). 
24. S. Moore, J. Biol. Chem. 243, 6281 (1968). 
25. K. Samejima, W. Dairman, S. Udenfriend, 

Anal. Biochem. 42, 222 (1971); K. Samejima, 
W. Dairman, J. Stone, S. Udenfriend, ibid., 
p. 237; M. Weigele, S. L. De Bernardo, J. P. 
Tengi, W. Leimgruber, J. Amer. Chem. Soc. 
94, 5927 (1972). 

26. S. Moore, in Chemistry and Biology of Pep- 
tides, J. Meienhofer, Ed. (Ann Arbor Science 
Publications, Ann Arbor, Mich., 1972), p. 629. 

27. C. H. W. Hirs, S. Moore, W. H. Stein, J. 
Biol. Chem. 195, 669 (1952); J. Amer. Chem. 
Soc. 76, 6063 (1954). 

28. J. M. Manning and S. Moore, J. Biol. Chem. 
243, 5591 (1968); J. M. Manning, J. Amer. 
Chem. Soc. 92, 7449 (1970). 

29. E. Schram, J. P. Dustin, S. Moore, E. J. 
Bigwood, Anal. Chim. Acta 9, 149 (1953); 
J. P. Dustin, C. Czakowska, S. Moore, E. J. 
Bigwood, ibid., p. 256. 

30. W. H. Stein and S. Moore, J. Biol. Chem. 
211, 915 (1954). 

31. W. H. Stein, ibid. 201, 45 (1953). 
32. H. H. Tallan, S. Moore, W. H. Stein, ibid. 

211, 927 (1954). 
33.- - , ibid. 206, 825 (1954). 
34. H. H. Tallan, S. T. Bella, W. H. Stein, S. 

Moore, ibid. 217, 703 (1955). 
35. H. H. Tallan, S. Moore,. W. H. Stein, ibid. 

219, 257 (1956). 
36. - , ibid. 230, 707 (1958). 
37. C. H. W. Hirs, S. Moore, W. H. Stein, ibid. 

219, 623 (1956). 
38. F. Sanger, Science 129, 1340 (1959). 
39. P. Edman, Acta Chem. Scand. 10, 761 (1956). 
40. C. H. W. Hirs, J. Biol. Chem. 235, 625 (1960); 

--, S. Moore, W. H. Stein, ibid. 235, 633 
(1960). 

41. D. H. Spackman, W. H. Stein, S. Moore, 
ibid., p. 648. 

42. D. G. Smyth, W. H. Stein, S. Moore, ibid. 
237, 1845 (1962). 

43. ', ibid. 238, 227 (1963). 
44. C. B. Anfinsen, R. R. Redfield, W. L. Choate, 

J. Page, W. R. Carroll, ibid. 207, 201 (1954); 
R. R. Redfield and C. B. Anfinsen, ibid. 221, 
385 (1956); J. T. Potts, A. Berger, J. Cooke, 
C. B. Anfinsen, ibid. 237, 1851 (1962). 

45. K. Linderstr0m-Lang, Lane Medical Lectures 
(Stanford University Publications, Stanford, 
Calif., 1952), vol. 6, pp. 1-115. 

46. H. G. Gundlach, W. H. Stein, S. Moore, J. 
Biol, Chem. 234, 1754 (1959). 

47. A. M. Crestfield, W. H. Stein, S. Moore, ibid. 
238, 2413, 2421 (1963). 

48. R. L. Heinrikson, ibid. 241, 1393 (1966). 
49. C. H. W. Hirs, M. Halmann, J. H. Kycia, in 

Biological Structure and Function, T. W. 
Goodwin and I. Lindberg, Eds. (Academic 
Press, New York, 1961), vol. 1, p. 41. 

50. M. F. Perutz, Science 140, 863 (1963). 
51. J. C. Kendrew, ibid. 139, 1259 (1963). 
52. G. Kartha, J. Bello, D. Harker, Nature 213, 

862 (1967). 
53. H. W. Wyckoff, K. D. Hardman, N. M. 

Allewell, T. Inagami, L. N. Johnson, F. M. 
Richards, J. Biol. Chem. 242, 3984 (1967). 

54. F. M. Richards, C. R. Trav. Lab. Carlsberg 

55. -- and P. J. Vithayathil, J. Biol. Chem. 
234, 1459 (1959). 

56. D. M. Brown and A. R. Todd, in The Nu- 
cleic Acids: Chemistry and Biology, E. Char- 
gaff and J. N. Davidson, Eds. (Academic 
Press, New York, 1955), vol. 1, p. 409. 

57. F. M. Richards and H. G. Wyckoff, in The 
Enzymes, P. D. Boyer, Ed. (Academic Press, 
New York, ed. 3, 1971), vol. 4. pp. 647-806. 

58. B. Gutte and R. B. Merrifield, J. Amer. Chem. 
Soc. 91, 501 (1969); J. Bol. Chem. 246, 1922 
(1971). 

59. R Hirschmann, R. F. Nutt, D. F. Veber, 
R. A. Vitali, S. L. Varga, T. A. Jacob, 
F. W. Holly, R. G. Denkewalter, J. Amer. 
Chem. Soc. 91, 507 (1969). 

60. F. H. White, J. Biol. Chem. 235, 383 (1960). 
61. R. F. Goldberger, C. J. Epstein, C. B. 

Anfinsen, ibid. 238, 628 (1963). 
62. C. B. Anfinsen, in Les Prix Nobel en 1972, 

Stockholm, 1973; Science, in press. 
63. -, J. Biol. Chem. 221, 405 (1956). 
64. M. C. Lin, ibid. 245, 6726 (1970). 
65. ---- , B. Gutte, S. Moore, R. B. Merrifield, 

ibid., p, 5169. 
66. M. C. Lin, B. Gutte, D. G. Caldi, S. Moore, 

R. B. Merrifield, ibid. 247, 4768 (1972). 
67. C. B. Anfinsen, S. E. G. Aqvist, J. P. Cooke, 

B. Jonsson, ibid. 234, 1118 (1959). 
68. J. J. Beintema and M. Gruber, Biochim. 

Biophys. Acta 147, 612 (1967). 
69. R. L. Jackson and C. H. W. Hirs, J. Biol. 

Chem. 245, 637 (1970). 
70. J. J. Phelan and C. H. W. Hirs, ibid., p. 654. 
71. M. Laskowski, Sr., in The Enzymes,_ P. D. 

Boyer, Ed. (Academic Press, New York, ed. 
3, 1971), vol. 4, pp. 289-311. 

72. 0. T. Avery, C. M. MacLeod, M. McCarty, 
J. Exp. Med. 79, 137 (1944); M. McCarty and 
0. T. Avery, ibid. 83, 89 (1946). 

73. M. McCarty, J. Gen. Physiol. 29, 123 (1946). 
74. M. Kunitz, ibid. 33, 349 (1950). 
75. U. Lindberg, Biochemistry 6, 335 (1967). 
76. P. A. Price, T.-Y. Liu, W. H. Stein, S. Moore, 

J. Biol. Chem. 244, 917 (1969). 
77. J. Salnikow, S. Moore, W. H. Stein, ibid. 

245, 5685 (1970). 
78. J. Salnikow, T.-H. Liao, S. Moore, W. H. 

Stein, ibid. 248, 1480 (1973). 
79. T.-H. Liao, J. Salnikow, S. Moore, W. H. 

Stein, ibid., p. 1489. 
80. E. Gross and B. Witkop, ibid. 257, 1856 (1962). 
81. B. J. Catley, S. Moore, W. H. Stein, ibid. 

244, 933 (1969). 
82. T. E. Hugli and W. H. Stein, ibid. 246, 7191 

(1971). 
83. J. F. Riordan, M. Sokolovsky, B. L. Vallee, 

J. Amer. Chem. Soc. 88, 4104 (1966). 
84. P. A. Price. S. Moore, W. H. Stein, J. Biol. 

Chem. 244, 924 (1969). 
85. J. Salnikow and D. Murphy, ibid., in press. 
86. P. A. Price, W. H. Stein, S. Moore, ibid. 

244, 929 (1969). 
87. K. Takahashi, W. H. Stein, S. Moore, ibid. 

242, 4682 (1967). 
88. T.-Y. Liu, W. H. Stein, S. Moore, S. D. 

Elliott, ibid. 240; 1143 (1965); T.-Y. Liu, 
ibid. 242, 4029 (1967). 

89. T. G. Rajagopalan, W. H. Stein, S. Moore, 
ibid. 241, 4295 (1966). 

90. G. R. Stark, W. H. Stein, S. Moore, ibid. 235, 
3177 (1960). 

91. F. Wohler, Pogg. Ann. 12, 253 (1828). 
92. A. Cerami and J. M. Manning, Proc. Nat. 

Acad. Sci. U.S.A. 68, 1180 (1971). 
93. C. H. W. Hirs, W. H. Stein, S. Moore, J. 

Biol. Cheat. 211, 941 (1954). 
94. The researches from our laboratory on ribo- 

nuclease and deoxyribonucleases summarized 
in this lecture have been possible through 
financial backing by the Rockefeller Univer- 
sity, the U.S. Public Health Service, and the 
National Science Foundation. 

SCIENCE, VOL. 180 464 


