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The Abnormal Carboxyl Groups of Ribonuclease. 
11. Positions in the Amino Acid Sequence* 

John P. Riehm, Clarence A. Broomfield,? and Harold A. Scheraga 

A n s T w c T :  Eight of the eleven carboxyl groups of ribo- 
nuclease A can be methylated. This methylated protein 
possesses many physicochemical properties which are 
similar to those of the native molecule, and it has been 
concluded that some or all of the free carboxyl groups 
in this derivative are the “buried” carboxyl groups of 
ribonuclease. In this communication the carboxyl 
groups which did not undergo esterification are identi- 

I n the preceding communication (Broomfield et al., 
1965), the preparation and characterization of a methyl- 
ated ribonuclease derivative was described. This de- 
rivative was shown to be methylated at eight of the 
eleven carboxyl groups known to be present in ribonu- 
clease A. In addition, this derivative was shown to 
possess many of the characteristics of the native mole- 
cule. It was noted that the derivative underwent tem- 
perature and pH transitions which were quite similar 
to those of ribonuclease A. It was also possible to 
demonstrate that the derivative contained abnormally 
ionizable tyrosyl residues, and that two of the free 
carboxyl groups titrated with an abnormally low pK.  
Since other experimental information from this lab- 
oratory (Hermans and Scheraga, 1961a,b) has sug- 
gested the presence of tyrosine-carboxylate interactions 
in ribonuclease, and since Cha and Scheraga (1963) 
and Donovan (1963) have identified the location of 
two and one, respectively, of the buried tyrosines, it 
was of interest to identify the carboxyl groups which 
were present in the methylated ribonuclease deriva- 
tive. 

It is important to note that, despite the fact that the 
ribonuclease was methylated in alcoholic HCl (condi- 
tions under which the conformation of the native 
molecule is different from that at neutral pH), a par- 
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fied. Proteolytic digestions (with trypsin and chymo- 
trypsin), performed on the oxidized methylated deriva- 
tive followed by peptide analyses, indicated that 
aspartic acid-14, aspartic acid-38, and aspartic acid-83 
were present as the free carboxyl groups. With the iden- 
tification of these carboxyls it is now possible to propose 
specific tyrosine-carboxylate interactions in the ribo- 
nuclease A molecule. 

tially methylated derivative was obtained which, like 
native ribonuclease, has abnormal tyrosyl residues 
which are near carboxyl groups. Hence, it is reasonable 
to assume that the partially methylated derivative 
refolds to the native conformation when dissolved 
in water at neutralpH. 

This paper reports the positions in the amino acid 
sequence of ribonuclease of the three carboxyl groups 
which did not undergo esterification. The identification 
was based on a comparison of the peptide elution pat- 
terns obtained from proteolytic digestions of the per- 
formic acid-oxidized methylated ribonuclease deriva- 
tive to the elution patterns obtained from oxidized 
ribonuclease A digests. The peptides which contained 
unaltered carboxyl groups appeared in elution positions 
identical to those observed for these peptides from the 
oxidized ribonuclease A digests. On the other hand, 
because of the alteration in charge, the peptides which 
contained methylated carboxyl groups were not found 
at positions noted for these peptides when an oxidized 
ribonuclease A digest was chromatographed. In certain 
cases we were able to locate the altered peptides at new 
positions in the elution patterns. 

Experimental 

Materials. The preparation of methylated ribonuclease 
was identical to that previously described (Broomfield 
et ul. ,  1965). These methylated samples were routinely 
titrated at 25” and shown to contain three carboxyl 
groups. Salt-free trypsin and crystallized salt-free chymo- 
trypsin were obtained from the Worthington Biochemi- 
cal Corp. Carboxymethylcellulose was purchased from 
the Brown Co. Analytical grade Dowex 50-X2 resin 

1 Of course, the possibility always exists that, in the refolded 
partially methylated protein, the abnormal tyrosyl residues 
could be near different carboxyl groups than in the native 
molecule. 
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which was purchased from Bio-Rad Laboratories was 
prepared according to the procedure of Hirs et al. 
(1956a). L-Glutamic acid y-methyl ester was a Mann 
Research Laboratories, Inc., product. All other re- 
agents were either reagent grade or the best grade 
available. 

Chromatography of the Methylated Ribonuclease. 
Analytical chromatography was performed on 0.9 X 
20-cm columns of carboxymethylcellulose in conjunc- 
tion with a Technicon Autoanalyzer. The columns were 
equilibrated with 0.01 5 M sodium phosphate buffer, 
pH 6.40, which was 0.2 M in sodium chloride. The chro- 
matograms were developed by employing a two-stage 
Varigrad; the first stage contained 100 ml of 0.015 M 

phosphate buffer, pH 6.47 (0.2 M in sodium chlonde) 
and the second stage contained 100 ml of pH 6.47 
phosphate buffer (0.015 M ;  0.5 M in sodium chloride). 
Preparative chromatography (100 mg of protein) was 
carried out on 1.8 X 30-cm columns of carboxymethyl- 
cellulose. The development of the chromatograms was 
similar to the analytical procedure with the exception 
that 300 ml was employed in each Varigrad stage. 
Following chromatography (flow rate of 20 ml/hour) 
the protein fractions were pooled, exhaustively dialyzed 
against HCI at pH 3.0, and then lyophilized. 

Performic Acid Oxidation. Oxidations of the proteins 
were carried out at - 10" as described by Hirs (1956). 

Chromatography of the Oxidized Methylated Protein. 
Since the oxidized protein was extremely insoluble in 
salt solutions of low concentration at neutral pH, 
chromatography was performed at pH 5.0 where this 
complication did not arise. Analytical chromatography 
was carried out on 0.9 X 2 k m  carboxymethyl- 
cellulose columns which were equilibrated with pH 
5.0, 0.005 M acetate buffer. The chromatograms were 
developed by employing two-stage Varigrads in con- 
junction with a Technicon Autoanalyzer; the first 
stage contained 75 ml of 0.005 M acetate buffer, pH 
5.0, while the second contained 75 ml of 0.005 M acetate 
buffer, pH 5.0, which was 0.4 M in sodium chloride. 

The Problem of Ester Hydrolysis. THE LOSSEN RE- 

ARRANGEMENT EXPERIMENTS. The Lossen rearrangement 
was carried out on the purified and oxidized compo- 
nents according to the procedure described by Broom- 
field etal. (1965). 

EXPERIMENTS WITH L-GLUTAMIC ACID 7-METHYL ESTER. 

Solutions of L-glutamic acid y-methyl ester (0.1 mM 
of amino acid per ml) which contained equivalent 
amounts of aspartic acid and serine were allowed to 
stand (a) 12 hours at pH 7.0 and (b) 12 hours at pH 
3.0. The solutions were maintained at the desired pH 
by the addition of 0.1 N sodium hydroxide with the aid 
of a Radiometer pH-stat. After this time, the solutions 
were diluted to 2 ,UM of each amino acid per ml and then 
chromatographed on the ahino acid column. Performic 
acid oxidation as described by Hirs (1956) was carried 
out on another sample of L-glutamic acid y-methyl 
ester (1 mM). Again this sample contained equivalent 
amounts of aspartic acid and serine. After dilution to 
an appropriate amino acid concentration, the sample 
was chromatographed on the amino acid column. In 

other experiments, 50 mg of the ester was dissolved 
in 10 ml of water and the pH was raised to 6.8. To this 
solution was added 0.2 mg of trypsin (or chymotrypsin) 
in 1 ml of water. The temperature was maintained at 
25" by employing a jacketed titration vessel, and the 
pH of the solution was kept at 6.8 by the addition of 
0.1 N sodium hydroxide with the aid of the pH-stat. 
At the end of 6 hours, the solution was diluted to 2 p~ 
of amino acid per ml and then 1 ml was chromato- 
graphed on the amino acid column. 

Tryptic Digestions. Approximately 30-40 mg of 
the oxidized methylated derivative was dissolved in 
water (5  ml). The pH was adjusted to 6.8 by the addi- 
tion of 0.1 N sodium hydroxide and then 0.2 mg of 
trypsin dissolved in 1 ml of water was added. The tem- 
perature was maintained at 25' and the pH of the solu- 
tion was kept at 6.8 by the addition of 0.1 N sodium 
hydroxide with the aid of the pH-stat. Following re- 
action for 20 hours, the precipitate which had started 
to form after 0.5 hour's reaction time was centrifuged, 
washed well with water, and then dissolved by suspen- 
sion in water and lowering of the pH to 3.0. This solu- 
tion which will be termed 0-T-precipitate was stored 
in the frozen state until needed. The supernatant tryptic 
digest was brought to pH 3.0 by the addition of 0.1 
N HCI and then was immediately chromatographed on 
a 0.9 X 150-cm column of Dowex 50-X2. 

Tryptic digestion of oxidized ribonuclease A was 
performed in a manner which was similar to that de- 
scribed for the methylated derivative. However, in 
this case no precipitate was observed. Therefore, fol- 
lowing a 20-hour reaction time, the pH was lowered 
to 3.0 and then the solution was chromatographed on 
the Dowex 50-X2 column. 

Chymotryptic Digestion. Chymotryptic digestions of 
oxidized ribonuclease A, of oxidized methylated ribo- 
nuclease, and of 0-T-9 (the nomenclature is that of 
Hirs et al., 1956a) were performed according to the 
method previously described for the tryptic digestion of 
oxidized ribonuclease A. 

Chymotryptic digestions of 0-T-precipitate were 
accomplished by first raising the pH of the 0-T-pre- 
cipitate solution to 6.0 and then by adding 0.2 mg of 
chymotrypsin in water (1 ml). No appreciable pre- 
cipitation occurred during the chymotryptic hydrolysis. 
The reaction temperature was maintained at 25 O and 
the pH was held at 6.0 for 3 hours. After this time, the 
pH was raised to 6.8 and then an additional 0.2 mg of 
chymotrypsin dissolved in 1 ml of water was added. 
Hydrolysis was allowed to proceed for an additional 
18 hours, after which time the pH of the solution was 
lowered to 3.0 and then the hydrolysate was chroma- 
tographed on the Dowex 50-X2 column. 

Separation of the Peptides on Dowex 50-X2. The 
procedure for the chromatography of the tryptic and 
chymotryptic digests of oxidized ribonuclease A and 
oxidized methylated ribonuclease was similar to that 
outlined by Hirs et al. (1956a,b) and Cha and Scheraga 
(1963). For the tryptic digests a better separation be- 
tween 0-T-2 and 0-T-4 was observed when the gradient 
was begun after 300 ml of the starting buffer had been 761 
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FIGURE 1 : Chromatography of methylated ribonuclease on a 1.8 X 30-cm carboxymethylcellulose column. A two- 
stage gradient was employed; the first stage contained 300 ml of 0.015 M phosphate buffer, pH 6.47 (0.2 M in sodium 
chloride), and the second stage contained 300 ml of 0.015 M phosphate buffer, pH 6.47 (0.5 M in sodium chloride). 
The effluent (flow rate of 20 ml/hour) was collected in 4-ml fractions and the optical density was read at 280 mk. 
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FIGURE 2: Analytical chromatography of the methyl- 
ated ribonuclease on a 0.9 X 20-cm carboxymethyl- 
cellulose column following the preparative chromato- 
graphic procedure. A two-stage gradient was used. The 
first stage contained 100 ml of 0.015 M phosphate buf- 
fer, pH 6.47 (0.2 M in sodium chloride). The second 
stage contained 100 ml of phosphate buffer, 0.015 M, pH 
6.47 (0.5 M in sodium chloride). The ninhydrin color 
value of the effluent (flow rate of 20 ml/hour) was ob- 
tained with the aid of a Technicon Autoanalyzer. 

eluted in place of 200 ml. The techniques for chroma- 
tographing the chymotryptic digests of 0-T-9 and 
0-T-precipitate were those employed by Hirs (1960). 

Amino Acid Analyses. Analyses were performed with 
the Technicon amino acid analyzer. Hydrolyses were 
carried out with 6 N HCl in sealed, evacuated ampules 
for 22 hours at 116". The amino acid content of ribonu- 
clease and its derivatives was calculated by assuming 
that twelve residues of alanine were present per mole of 
protein. The amino acid composition of each peptide 
hydrolysate was calculated by assuming that an ap- 
propriate amino acid was present in the theoretical 
amount and then employing this value to determine 
the number of residues for the other amino acids. The 
correctionfactors of Gundlach et al. (1959) and Rupley 
and Scheraga (1963) were employed for those amino 
acids which undergo decomposition during hydroly- 
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FIGURE 3 : Analytical chromatography of the oxidized 
methylated protein on a 0.9 X 20-cm carboxymethyl- 
cellulose column. A two-stage gradient was employed; 
the first stage contained 75 ml of 0.005 M acetate buffer, 
pH 5.0, while the second contained 75 ml of 0.005 M 
acetate buffer, p H  5.0, which was 0.4 M in sodium 
chloride. The ninhydrin color value of the effluent, 
which had a flow rate of 20 ml/hour, was obtained with 
the aid of a Technicon Autoanalyzer. 

Results 

Chromatography of Methylated Ribonuclease. Ideally, 
chromatography of the methylated protein should be 
performed at high pH. Such a condition would over- 
come the high positive charge on the protein and would 
undoubtedly result in clear resolutions between deriva- 
tives which differed only slightly in charge. However, 
because of the danger of effecting saponification under 
these conditions, it was deemed advisable to perform 
the chromatography at or around neutrality. Figure 1 
illustrates a preparative chromatogram of the methyl- 
ated protein (100 mg) from a 1.8 X 30-cm carboxy- 
methylcellulose column. Although the main protein 
component appeared as a broad band, the peak was 
quite symmetrical. The center portion (tubes 67-82) 
of this zone was pooled and dialyzed against HCl at 
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TABLE I : Aspartic Acid, Glutamic Acid, and Valine. Content of the Methylated Proteins following the Lossen Rear- 
rangement (moles of amino acid per mole of protein). 

Methylated 
Ribo- Ribonuclease Oxidized 

nuclease A Methylated (upon puri- Methylated 
Amino Acid Theory Control Ribonuclease fication) Ribonuclease 

Aspartic acid 15 14.66 12.81 13.25 13.17 
Glutamic acid 12 11.79 7.52 7.59 7.71 
Valine 9 8.88 7.81 8.15 8.24 
2,3-Diaminopropionic 1.91 2.12 1.86 

acid 
2,4-Diaminobutyric acid 2.86 1.81 2.02 

a Valine is the C-terminal amino acid in ribonuclease. 

pH 3.0. Subsequent lyophilization yielded 60 mg. Fig- 
ure 2 illustrates an analytical chromatogram of the 
pooled protein from tubes 67-82 of Figure 1. Again, 
this protein band was extremely broad but symmetrical. 
A sharper band could be obtained by employing a 
steeper salt gradient (0.2-0.8 M in sodium chloride); 
this chromatogram appeared to contain a single com- 
ponent. 

Figure 3 illustrates an analytical chromatogram of 
the oxidized methylated protein. In this case, the main 
protein band was eluted over a narrower salt range. 
Since the major component comprised at least 95 
of the total protein, purification by preparative chro- 
matography was not performed. 

The Problem of’Ester Hydrolysis. LOSSEN REARRANGE- 
MENT EXPERIMENTS. Table I illustrates the yields of 
aspartic acid, glutamic acid, and valine obtained from 
the methylated protein following the purification and 
oxidation steps. Included in this table are the results 
observed for the methylated derivative (prior to purifi- 
cation) and the control ribonuclease experiment. The 
latter results were taken from the previous paper 
(Broomfield et af., 1965). Within experimental error, 
these results indicated that the purified and oxidized 
proteins were esterified at one valine residue, five glu- 
tamic acid residues, and two aspartic acid residues. 
Since these results are similar to  the methylated deriva- 
tive (prior to purification), it appears that these steps 
have not caused any significant ester hydrolysis. 

EXPERIMENTS WITH L-GLUTAMIC ACID y-METHYL ESTER. 
This compound was eluted from the amino acid column 
just prior to the elution position of glycine; no addi- 
tional ninhydrin-positive components were noted in 
this sample. In every case, chromatography of the 
L-glutamic acid y-methyl ester samples, treated as re- 
ported in the experimental section, indicated that the 
ester was recovered in quantitative yields. In addition, 
these chromatograms were deficient in glutamic acid. 
Therefore, hydrolysis of the ester did not occur when 
this compound was allowed to stand at pH 7.0 or 3.0 
for extended reaction times. It is also noteworthy that 
hydrolysis did not occur when the ester was subjected 

TABLE 11: Amino Acid Analyses of 0-T-6 and 0-T-10 
Obtained from a Tryptic Digest of Oxidized Methylated 
Ribonuclease (moles of amino acid per mole of peptide). 

0-T-6 0-T-10 

Experi- Experi- 
Amino Acid Theory mental Theory mental 

Cysteic acid 
Methionine 

sulfone 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Lysine 
Histidine 
Arginine 

~~ 
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0.13 

1 1.00 1 1.10 
2 2.17 0.20 
1 1.12 1 1.13 

1 1.00. 
3 3.00. 

0.21 0.14 

1 0.96 2 1.69 

a Assumed as reference. 

to the oxidation procedure described by Hirs (1956), 
nor when trypsin and chymotrypsin were allowed to 
stand in contact with this compound. 

Tryptic Digestions. Figure 4 illustrates the peptide 
elution pattern obtained from tryptic digests of oxidized 
ribonuclease A and the oxidized methylated derivative. 
The elution positions and the yields of the individual 
peptides observed for the ribonuclease A digest (Figure 
4a) compared favorably with the yields and the elution 
positions previously described by Hirs er al. (1956a). 763 
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FIGURE 4: Chromatography of peptides from a 20-hour tryptic digest of oxidized protein on a 0.9 x 150-cm column 
of Dowex 50-X2. The effluent was collected in 2-ml fractions and the ninhydrin color values were obtained with the 
aid of a Technicon Autoanalyzer. The percentages in parentheses represent the yields of the pertinent peptides. 
(a) Ribonuclease A; (b) methylated ribonuclease. 

On the other hand, a number of differences were noted 
in the peptide pattern obtained from the oxidized meth- 
ylated ribonuclease digest (Figure 4b). Peptides 0-T-6, 
0-T-9, 0-T-10, and 0-T-152 were not observed at 
their normal elution positions. In addition, 0-T-6 
and 0-T-10 were found at new positions. Although 
these peptides appeared at new positions, their yields 
compared favorably with the amounts found in the 
oxidized ribonuclease A digest. The amino acid con- 
tents obtained for these altered peptides are reported 
in Table 11. 

The yields and the elution positions of the remaining 
peptides obtained from the oxidized methylated de- 
nvative agreed with the amounts and the elution posi- 
tions observed for these peptides in the ribonuclease A 
digest. Brief comment should be made concerning the 
analyses of 0-T-2 and 0-T-4. Although the peptide 
zone ascribed to 0-T-2 was predominantly this peptide 
( 7 0 z  of the zone could be ascribed to 0-T-2), an ac- 
curate amino acid analysis could not be obtained 
when the entire zone was pooled and a portion was 
analyzed. On the other hand, the front half of this zone 
yielded an analysis for 0-T-2 which was relatively free 
of contaminating amino acids in both the unmethylated 
and methylated samples. The latter half of this zone 
contained, in addition to 0-T-2, peptide(s) which could 
not be accurately determined. This observation may 
reflect the presence of small amounts of chymotrypsin 
in the trypsin preparation. Chymotryptic digestion, 
especially on the larger tryptic peptides, could produce 

2 The terminology employed in this communication is that of 
Hirs et al. (1956a) for the tryptic peptides and of  Hirs et a/.  
(1956b) and Hirs (1960) for the chymotryptic peptides. 764 

peptides which appear near this zone. This observation 
has been noted by Hirs (1962). The peptide zone which 
has been termed 0-T-4 contained an additional com- 
ponent which analyzed as 0-T-2-C-5 (Hirs, 1960). 
This component has been found by Hirs (1962) to 
appear just prior to 0-T-4 in tryptic digests of oxidized 
ribonuclease. It is noteworthy that 0-T-2-C-5 consists 
of residues 80-85. Since 0-T-2, 0-T-4, and 0-T-7 
are of primary concern, the analyses of these peptides 
are reported in Table 111. 

The peptide elution pattern obtained from the 
oxidized methylated derivative showed no presence of 
0-T-9 or 0-T-15. Elution with 2 N sodium acetate, 
p H  6.6, also proved ineffective in producing these 
peptides. Peptide 0-T-16 which was not observed in 
the oxidized ribonuclease A digest was also absent in 
the oxidized methylated ribonuclease digest. 

Studies on 0-T-Precipitate. Amino acid analyses per- 
formed on this precipitate are reported in Table IV. 
The table shows the results from two different prepara- 
tions. These analyses indicated that the precipitate was 
comprised of 0-T-9 and 0-T-16 and that the yields 
were approximately 30 and 55 x, respectively. 

Attempts to carry out the Lossen rearrangement on 
this precipitate were unsuccessful. This fact is probably 
due to the insolubility of 0-T-precipitate at  neutral 
pH (hydroxamic acid formation from the esters being 
carried out at neutrality), and exchange is undoubtedly 
much slower under these conditions. 

Since 0-T-9 and 0-T-16 contain a total of five car- 
boxyl groups in an oxidized ribonuclease A digest, it 
was of great interest to determine the state of these 
carboxyls in the 0-T-precipitate. Therefore, it was de- 
cided to perform a chymotryptic hydrolysis of this 
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FIGURE 5 : Chromatography of peptides from chymotryptic digests of 0-T-9 (from unmethylated ribonuclease) and 
0-T-precipitate (from methylated ribonuclease). The percentages in parentheses represent the yields of each peptide. 
(a) 0-T-9; (b) 0-T-precipitate. 

0 

TABLE III: Amino Acid Analyses of 0-T-2, 0-T-4, and 0-T-7 Obtained from a Tryptic Digest of Oxidized Methylated 
Ribonuclease (moles of amino acid per mole of peptide). 

200 400 I 600 800 1000 

0-T-2' 0 - l - - 4 L  0-T-7 

Amino Acid Theory Observed Theory Observed Theory Observed 

Cysteic acid 2 1.79 1 1.04 0.12 
Methionine sulfone 1 1.07 3 2.68 0.14 
Aspartic acid 3 3.19 3 3.05 1 1.30 
Threonine 3 2.81 1 1.10 0.11 
Serine 3 3.38 6 5.80 0.34 
Glutamic acid 2 2.32 2 1.96 
Proline 
G 1 y c i n e 1 1 . o o c  

Alanine 0.29 2 2.00. 
Valine 0.26 0.20 
Isoleucine 1 0.83 
Leucine 
Tyrosine 2 1.88 1 0.82 
Phenylalanine 
Lysine 1 0.80 0.14 
Histidine 1 0.85 0.11 
Arginine 1 0.88 1 1 . o o c  

a The analysis was obtained from the front half of the peptide zone. b The analysis has been compensated for tlie 
c Assumed as reference. presence of 0-T-2-(2-5. 

precipitate. Figure 5 illustrates the peptide elution pat- 
tern obtained from a chymotryptic digest of the O-T- 
precipitate from methylated ribonuclease. This figure 
also includes the elution pattern obtained from a chymo- 
tryptic digest of 0-T-9 (Figure 5a) from unmethylated 
ribonuclease; this pattern was similar to that previously 
reported by Hirs (1960). On the other hand, the pat- 
tern obtained from the chymotryptic digestion of the 
0-T-precipitate (Figure 5b) indicated that three of the 

peptides to be expected from 0-T-9 (0-T-9-C-2, 
0-T-9-C-6, and 0-T-9-C-7) were not present in their 
normal elution positions. Peptides 0-T-942-2 and 
0-T-9-C-6 were found in new positions and their 
amino acid analyses are reported in Table V. 

The elution patterns obtained from the chymotryptic 
digest of the 0-T-precipitate also contained peptides 
arising from 0-T-16. Two such peptides were noted 
(0-T-16-C-1 and 0-T-1642-4) and their amino acid 765 

A B N O R M A L  C A R B O X Y L  G R O U P S  O F  R I B O N U C L E A S E  



B I O C H E M I S T R Y  

0.2N ,pH 3.1,35'C ' 
Effluent Volume ( m l )  

FIGURE 6 : Chromatography of peptides from a 20-hour chymotryptic digest of oxidized protein. The chromatographic 
conditions are the same as in Figure 4 except for the volume of buffer change. The percentages in parentheses repre- 
sent the yields of the pertinent peptides. (a) Riboncuclease A; (b) methylated ribonuclease. 

TABLE IV: Amino Acid Analyses of 0-T-Precipitate (moles of amino acid per mole of peptide). 

Observed Observed 
Theory (EXPt 1) (Expt 2) 

Amino Acid 0-T-9 0-T- 1 6 0-T-9 0-T-16 0-T-9 0-T-16 

Cysteic acid 2 1 2.00. 0.90 2 00. 0.96 
Methionine sulfone 0.11 0.07 

Threonine 1 1.25 1.33 
Serine 2 1 2.00. 1.17 2.00. 1 13 
Glutamic acid 3 1 3.00. 1.14 3 0 0 ~ ~  0.80 
Proline 1 2 1 . o o a  1.90 1 .eon 1.95 
Glycine 1 1 00. 1 .ooa 
Alanine 2 2 2.00. 1.90 2 ow 1.66 
Valine 4 4 4.000 3.20 4 0 0 ~ ~  3.31 
Isoleucineh 2 1.11 1.16 
Leucine 1 1 . o o a  1.0oa 
Tyrosine 1 0.90 0.98 
Phenylalanine 1 1 1 . 0 o a  0.78 1 . o o a  0.92 
Lysine 2 2.21 1.82 
Histidine 1 2 1 .oo* 1.79 1 . o o a  1.86 

Aspartic acid 2 2 2.00. 2.29 2.005 2 02 

Arginine 0.17 0.18 

(1 0-T-9 was assumed to  be present in the theoretical amount, corresponding to 1.00 residue of leucine (since 0-T-16 
does not contain leucine). The data for 0-T-16 were then obtained by assuming that 1.00 residue of glycine was 
present in the hydrolysate. Isoleucine is not completely liberated from 0-T-16 in a 22-hour acid hydrolysis. 

compositions are also reported in Table V. The third 
peptide (0-T-16-C-5) was not found in the chroma- 
togram. 

peptide elution pattern obtained from chymotryptic 
digests of oxidized ribonuclease A and oxidized meth- 
ylated ribonuclease. The peptide elution pattern ob- 

Chymotryptic Digestions. Figure 6 illustrates the tained from oxidized ribonuclease A was similar to 766 
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TABLE v: Amino Acid Analyses of the Peptides Obtained from a Chymotryptic Digest of the 0-T-Precipitate (moles 
of amino acid per mole of peptide). 

Amino Acid 

Cysteic acid 
Methionine sul- 

fone 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
A 1 ani n e 
Valine 
Isoleucineb 
Leucine 
Tyrosine 
Phenylalanine 
Lysine 
Histidine 
Arginine 

0-T-9-C-2 0-T-9-C-6 0-T-16-C-1 0-T-16-C-4 

Theory Observed Theory Observed Theory Observed Theory Observed 
- 

0.18 0 1 1  1 0.95 

1 1 . I 9  1 1.22 
0.14 

1 0.89 
1 1.28 2 2.26 

0.11 
1 1 .00,( 1 1 .O@ 
I 1 .Oh 2 2.15 

I 0.76 

1 1.04 1 

1 1.01 
0.36 1 

1 
0.27 1 

I 1.00. 1 
1 1.05 1 

2 

1 

1.07 
0.16 
0.11 
1.06 
0.88 
1 . o o a  

1.02 
0.92 
0.76 

0.62 

1 0.87 1 0.83 

a Assumed as reference. b Isoleucine is not totally liberated in a 22-hour acid hydrolysis. 

that reported by Hirs et ul. (1956b).3 On the other hand, 
a number of differences were noted in the oxidized 
methylated ribonuclease digest. The major points of 
interest are the elution positions of 0-C-3 and 0-C-4; 
these peptides were not observed at their normal elu- 
tion positions. 0-C-3 (residues 106-115) was eluted 
after 0-C-5 while 0-C-4 (residues 121-124) appeared 
after 0-C-6. The yields of these peptides compared 
favorably with the yields obtained from an oxidized 
ribonuclease A digest. The amino acid analyses of 
0-C-3 and 0-C-4 are reported in Table VI. 

Other differences were noted. 0-C-14 (residues 8&97, 
containing Asp-83 and Glu-86) was observed in a new 
position just prior to 0-C-19. In addition, we have not 
observed zones corresponding to 0-C-12 and 0-C-25. 
Each of these peptides in an oxidized ribonuclease A 
digest contains at least one carboxyl group. Peptide 
0-C-27 (residues 26-35), which does not contain a 
carboxyl group, was also absent. However, a peptide 
zone at 500 effluent ml analyzed as Asp-Leu (residues 
34-35) while another zone at 950 effluent ml analyzed 
as Ser-Arg (residues 32-33). In addition, a zone at 
1000 effluent ml was composed of Cys,Metp,Asp,Glu, 
Lys (residues 26-31). Thus it appears that 0-C-27 
has been cleaved at the Lys-Ser (31-32) and the Arg- 
Asp("*) (33-34) bonds, perhaps owing to the presence 

of a small amount of trypsin in the chymotrypsin prep- 
aration. 

It is also interesting that 0-C-2 (residues 74-76) 
appeared at  two positions. One zone (a ninhydrin- 
negative zone) appeared at 200 effluent ml and was de- 
tected by basic hydrolysis. This position was identical 
to that reported by Hirs et al. (1956b). Another zone 
at 550 effluent ml also analyzed as 0-C-2. 

0-C-31 (residues 3 M 6 )  was observed in a position 
identical to that reported for the oxidized ribonuclease 
A digest. The amino acid analysis of this peptide is 
also reported in Table VI. It is noteworthy that the 
yields of this peptide in both the oxidized ribonuclease 
A digest and in the oxidized methylated ribonuclease 
digest were not as large as the yields reported by Hirs 
et al. (1956b). This may be due to tryptic digestion of 
the Lys-Asp (37-38) and/or the Arg-Cys (39-40) bond. 

Discussion 

In studies which attempt to identify the "buried"4 
carboxyl groups of a protein, the ideal experimental 
design would be one in which the protein derivative 
is formed in an aqueous medium. However, our at- 
tempts to perform such reactions have, up to the 
present time, proved unsuccessful. The use of a water- 
soluble carbodiimide has been investigated. It was 

3 A number of peaks reported by Hirs et al. (1956b) were not 
identified in the present work. Most of these peaks were ob- 
tained in small yield and were not characterized by these workers. 

The term "buried" is used to define those carboxyl groups 
*hich are believed to be involved in interactions with other 
groups i n  the protein. 767 
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TABLE VI: Amino Acid Analyses of 0-C-3, 0-C-4, and 0-‘2-31 Obtained from a Chymotryptic Digest of Oxidized 
Methylated Ribonuclease (moles of amino acid per mole of peptide). 

0-C-3 0-C-4 0-C-31 

Amino Acid Theory Observed Theory Observed Theory Observed 

Cysteic acid 1 1.17 1 1.22 

Aspartic acid 1 1 . o o a  1 1.16 2 2.000 
Methionine sulfone 

Threonine 0.21 2 1.78 
Serine 1 1.06 0.23 
Glutamic acid 1 1.25 0.31 0.18 
Proline 1 1 .oo 1 0.89 
Glycine 1 0.94 
Alanine 1 1 .ll 1 1 . o o a  

Valine 1 1 .02  1 1.10 1 1.13 
Is o 1 e u c i n e * 2 1.11 
Leucine 
Tyrosine 1 0.87 
Phenylalanine 1 0.92 
Lysine 2 1.86 
Histidine 
Arginine 1 0.94 

= Assumed as reference. 1 Isoleucine is not totally liberated in a 22-hour acid hydrolysis. 
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visualized that the carbodiimide would form activated 
protein carboxyl intermediates and then these activated 
intermediates could be converted to the more stable 
hydroxamic acids. Although the carboxyl groups of 
ribonuclease did apparently react with the carbodi- 
imide, as determined by an uptake of acid, we have 
been unsuccessful in demonstrating that these activated 
carboxyl intermediates could be converted to the hy- 
droxamic acid derivatives. The reaction between the 
carbodiimide and ribonuclease is under further inves- 
tigation in our laboratory. 

Esterification of the carboxyl groups in ribonuclease 
has been attempted by employing a water-soluble diazo 
compound. In this case, it was possible to demonstrate 
that esterification had occurred ; however, the extent 
to which the reaction proceeded was quite limited. A 
more detailed communication on these observations is 
reported in the following paper (Riehm and Scheraga, 
1965). 

A ribonuclease derivative which was esterified at 
eight of the eleven carboxyls could be prepared from a 
methanolic HC1 medium, as described by Broomfield 
er al. (1965). It is admitted that the medium in which 
this derivative was prepared is nonideal. Nevertheless, 
even though the derivative was prepared in methanolic 
HCI, it does dissolve in water at neutral pH, it does 
have three unmethylated carboxyl groups, it does have 
buried tyrosyl groups, and it does appear to have a 
conformation similar to that of the native molecule. 
Hence, despite its method of preparation, the resulting 
derivative justifiably may be assumed to possess the 
same tyrosyl-carboxyl interactions as the native one; 

it was thus of interest to extend our studies to an identifi- 
cation of those carboxyl groups which had not been 
esterified. In view of the identification of two of the 
“buried” tyrosine residues by Cha and Scheraga (1963), 
such identifications could provide valuable information 
about the three-dimensional structure of the protein. 

Reduction procedures whereby the esters in the meth- 
ylated protein would be converted to the more stable 
alcohols were considered. However, there appears to 
be no satisfactory reducing procedure which will convert 
esters to alcohols without reducing peptide linkages 
or side-chain amide bonds. Therefore, it was decided 
to investigate the methylated derivative by studying the 
peptide elution patterns obtained from proteolytic 
digests of the oxidized protein. Such examinations un- 
doubtedly depend on the stability of the ester linkages 
since hydrolysis at any point in the procedure would 
yield erroneous results. However, hydrolysis did not 
appear to be a source of difficulty in this work. Thus 
a protein derivative, which by titration was shown to be 
methylated at eight of the eleven carboxyl groups, was 
also shown to be lacking two aspartic acid residues, five 
glutamic acid residues, and one valine residue by the 
Lossen rearrangement experiment. In addition, the 
protein derivative was lacking these amino acid residues 
following the purification and oxidation steps. It is 
also noteworthy that the model compound L-glutamic 
acid y-methyl ester was resistant to hydrolysis during 
the oxidation procedure of Hirs (1956). In addition, 
this compound was shown to be resistant to hydrolysis 
when it was allowed to stand at pH 7.0 or 3.0 for ex- 
tended reaction times. These extremes of pH were the 
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extremes to which the methylated protein (and its re- 
sulting proteolytic digests) was subjected. 

Another possibility for error is the problem of ester 
hydrolysis caused by the esterase action of trypsin and 
chymotrypsin. Again, this possibility does not appear 
to exist since these enzymes were found not to catalyze 
the hydrolysis of the model compound L-glutamic acid 
y-methyl ester. 

A further source of error in these studies could be 
N,O-acyl migrations occurring during the esterifica- 
tion procedure. These reactions involve the si4e-chain 
hydroxyls of serine and threonine and result in the forma- 
tion of esters from peptide linkages with the rdease of 
the a-amino groups from the serine and threonine 
residues. Although most observations concerning such 
reactions have been noted under more rigorous ex- 
perimental conditions, Chibnall and Rees (1953) have 
reported that insulin in 0.1 N methanolic HCl and at 
25" underwent this migration between the Gly-Ser 
bond (residues 8-9 in the B chain). Therefore, it was of 
great importance to determine the extent (if any) to 
which this reaction occurred during the esterification of 
ribonuclease. 

It is interesting to note that the htration curve (Broom- 
field et ai., 1965) of the methylated ribonuclease showed 
no abnormalities between pH 5 and 8. If N,O-acyl mi- 
gration had occurred, then a certain fraction of the 
threonine and serine a-amino groups would be expected 
to titrate in this range. In addtiion, any rapid reversal 
over this range would also be noted since this reaction 
involves the release of hydrogen ions. It is also note- 
worthy that the Lossen rearrangement experiments 
showed no decrease in the serine and threonine content 
of the methylated derivative. Since this technique in- 
volves treating the protein with dinitrofluorobenzene, 
one might well expect to observe a decrease in these 
amino acids if N,O-acyl migration had occurred. 

In addition, in every case except one, those peptides 
(from the oxidized derivative) which contained threonine 
and serine, and which were lacking free carboxyl groups, 
appeared in positions identical to the elution positions 
noted for these peptides when oxidized ribonuclease A 
digests were chromatographed. If N,O-acyl migration 
had occurred, the appearance of these amino groups 
would undoubtedly affect the elution position of the 
peptides. The single exception to these observations 
was the appearance of 0-C-2 (residues 74-76; Glu- 
(NH&Ser-Tyr) at two positions. 0-C-2 is normally 
eluted at approximately 200 effluent ml as a ninhydrin- 
negative peptide and it was only at this position that 
the peptide was noted in the oxidized ribonuclease A 
digest. The failure to produce a positive ninhydrin test 
suggested to Hirs et aE. (1956b) that this peptide con- 
tained an amino-terminal pyrrolidonecarboxylic acid, 
formed by the cyclization of an amino-terminal glu- 
tamine residue. The appearance of 0-C-2 at an additional 
position in the oxidized methylated digast is probably 
due to a fraction of the peptide which did not undergo 
cyclization rather than the result of any N,O-acyl mi- 
gration. It is also noteworthy that the tryptic digest of 
the oxidized methylated protein showed that 0-T-2 

(residues 67-85) was observed at only one position (the 
position normally ascribed to 0-T-2). 

Identificarion of' Methylated Carboxyls. The method 
for determining the state of the eleven carboxyls (the 
free carboxyls of ribonuclease A) in the methylated 
ribonuclease derivative was based on the assumption 
that the methylated carboxyl groups would give rise to 
peptides (upon proteolytic digestion of the oxidized 
derivative) which would chromatograph differently 
than the peptides obtained from an oxidized ribonu- 
clease A digest. Although the esterification of a particu- 
lar carboxyl group in a certain peptide will not be ob- 
served in an amino acid analysis of the peptide, since 
acid hydrolysis will yield the corresponding acid from 
its ester, the alteration in charge upon the methylation 
of a carboxyl group should be sufficient to change the 
elution position of a peptide containing this altered 
carboxyl group. Thus, in the case of the tryptic digest 
of the oxidized methylated derivative it was noted that 
0-T-6, 0-T-9, 0-T-10, and 0-T-15 were not found at 
their normal elution positions. Therefore, it is believed 
that the carboxyl groups in these peptides (Glu-86 
in 0-T-6, Glu-2 in 0-T-10, and Glu-9 in 0-T-15) were 
esterified in the methylated derivative. 0-T-9 contains 
two carboxyl groups in the native molecule (Glu-49 
and Asp-53) and it was not possible to state that both 
carboxyls had been esterified. Nevertheless, the absence 
of 0-T-9 from its normal elution point indicates that 
at least one of the carboxyl groups had been esterified. 
It is also encouraging to note that these peptides were 
completely absent from their normal elution positions. 
Appreciable amounts of these peptides at  their usual 
positions would have indicated that the methylated 
derivative was a randomly esterified component. 

Further evidence that the carboxyl groups in 0-T-6 
and 0-T-10 were methylated arises from the observa- 
tion that these peptides were observed in new positions. 
Thus 0-T-10 was eluted immediately after 0-T-8 
and 0-T-6 appeared 10 ml after 0-T-10. The esterifica- 
tion of a particular carboxyl group would be expected 
to increase by one unit the positive charge of a peptide 
containing this esterified carboxyl group. Therefore, it 
would be expected that the altered peptides would chro- 
matograph at a slower rate on the Dowex 50-X2 pep- 
tide column. Such was the case with the altered 0-T-6 
peptide. On the other hand, the altered 0-T-10 peptide 
chromatographed more rapidly than was observed for 
this peptide in the oxidized ribonuclease A digest. 
No plausible explanation can be given for this observa- 
tion. It is noteworthy that this was the only altered pep- 
tide which chromatographed at a faster rate than did 
the identical peptides from an oxidized ribonuclease 
A digest. The peptide 0-T-15 was not observed; eluting 
the column with 2 N, p H  6.6 acetate buffer failed to yield 
this peptide. 

The elution positions for 0-T-2, 0-T-4, and 0-T-7 
obtained from the tryptic digest of the oxidized meth- 
ylated derivative were identical to the positions ob- 
served for these peptides when a tryptic digest of oxi- 
dized ribonuclease A was chromatographed. In addi- 
tion, we did not observe these peptides at other posi- 769 
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tions. It is also noteworthy that 0-T-2-C-5 (residues 
8 W 5 )  was observed in hydrolysates of 0-T-4. This 
peptide, which arises from chymotryptic digestion of 
0-T-2 (the chymotrypsin was apparently an impurity 
in the trypsin preparation), was noted both in the 
oxidized ribonuclease A digest and the oxidized meth- 
ylated derivative digest as an 0-T-4 impurity. There- 
fore, it appears that the carboxyl groups in these pep- 
tides (Asp-83 in 0-T-2 and in 0-T-2-C-5, Asp-14 in 
0-T-4, and Asp-38 in 0-T-7) were not esterified in the 
methylated derivative. 

The tryptic experiments yielded information on the 
state of six of the eleven carboxyls in the methylated 
derivative. Glu-2, Glu-9, and Glu-86 were shown to be 
methylated while Asp-14, Asp-38, and Asp-83 appeared 
to be present as the free carboxyl groups. It is also evi- 
dent that at least one of the two carboxyl groups in 
0-T-9 (Glu-49 and/or Asp-53) is esterified. 

The five carboxyls which were not identified from the 
tryptic experiments are to be found in 0-T-9 and 
0-T-16. It is noteworthy that these peptides precipitated 
from solution when a tryptic digest was carried out on 
the oxidized methylated derivative; if one were to as- 
sume that all the carboxyls in these peptides were 
esterified then the net charge on each peptide would be 
zero at neutral pH, accounting for the insolubility. 

Chymotryptic digestion of the 0-T-precipitate has 
yielded some knowledge about the state of these five 
carboxyl groups. Thus it is seen, in the case of the O-T- 
precipitate, that 0-T-9-C-2 (residues 52-55, containing 
Asp-53), 0-T-9-C-6 (residues 47-55, containing Glu-49 
and Asp-53), and 0-T-9-C-7 (residues 47-51, containing 
Glu-49) were not found in their normal elution posi- 
tions. In addition, we have observed 0-T-9-C-2 and 
0-T-9-C-6 at new positions. Therefore, it is believed 
that both Asp-53 and Glu-49 are esterified in the meth- 
ylated protein. Although a comparison between chymo- 
tryptic digests of 0-T-16 and 0-T-precipitate was not 
made (0-T-16 was not found in a tryptic digest of the 
oxidized ribonuclease A), it is believed that at least one 
of the carboxyls in 0-T-16-C-1 (residues 121-124, 
containing Asp-121 and Val-124) is esterified. It is 
known from peptic digestion studies of oxidized ribo- 
nuclease (Bailey et al. 1956) that the tetrapeptide 0-P-2 
(residues 121-124) is eluted at a faster rate than is 
0-P-3 (residues 52-55). Therefore, if the tetrapeptide 
0-T-16-C-1 (residues 121-124) had not been altered, 
one would expect it to chromatograph at a faster rate 
than the peptide containing residues 52-55. A visual 
comparison of Figure 5 indicates that this was not the 
case. 

The peptide elution pattern obtained from the chymo- 
tryptic digest of the oxidized methylated protein in- 
dicated that Glu-111 was esterified. As was noted pre- 
viously, peptide 0-C-3 (residues 1 0 6 1  15, containing 
Glu-1 11) was not eluted at its normal elution position. 
In addition, this peptide was observed at a new position. 
It is also noteworthy that 0-C-4 (residues 121-124) 
was not observed at  its normal position. This observa- 
tion again indicated that either Asp-121 or Val-123 

770 (or both) was esterified. 

It is believed that Val-124 was esterified in the meth- 
ylated protein. As was noted previously, the Lossen 
rearrangement indicated that one valine residue was 
esterified in the methylated protein. The only possi- 
bility for the esterification of a valine carboxyl (in the 
ribonuclease molecule) is at Val-124. 

These studies have not been able to determine the 
state of Asp-121. Nevertheless, in view of the fact that 
Asp-14, Asp-38, and Asp-83 were shown to be present 
as the free carboxyl groups, and since the methylated 
protein was shown to contain but three carboxyl groups 
(Broomfield et a/., 1965), it is believed that Asp-121 
was esterified. 

The results of these studies may be summarized as 
follows. Tryptic digests indicated that Glu-2, Glu-9, 
and Glu-86 were esterified while Asp-83, Asp-38, and 
Asp-14 were present as the free carboxyl groups. 
Chymotryptic digests of 0-T-precipitate indicated that 
Asp-53 and Glu-49 were esterified. Chymotryptic di- 
gestion of the oxidized methylated protein suggested 
that Glu-111 was esterified and that Asp-121 or Val- 
124 (or both) were esterified. The Lossen rearrangement 
experiments showed that Val-124 was esterified. It is 
also noteworthy that the results of the Lossen rear- 
rangement technique indicated that the three free car- 
boxyl groups in the methylated derivative were aspartic 
acid residues. This observation was consistent with the 
subsequent findings that Asp-14, Asp-38, and Asp-83 
were present as the free carboxyl groups. 

Structural Iniplications. Since two of the “buried” 
tyrosine residues in ribonuclease A (tyrosines 25 and 
97) have been identified by Cha and Scheraga (1963) 
it should be possible to pair these residues, in a reason- 
able manner, with two of the “buried” carboxyl groups. 
It is known that a disulfide linkage occurs between 
Cys-26 and Cys-84 (Spackman et a/., 1960). Therefore, 
it is concluded that Asp-83 and Tyr-25 could be involved 
in a tyrosine-carboxylate hydrogen bond. Such an in- 
teraction could explain the specific chymotryptic cleav- 
ages observed by Rupley and Scheraga (1963) upon 
taking ribonuclease through its temperature transition. 
These workers noted that primary cleavages occurred 
at the Tyr-25 and Cys-26 bond and also at the Met-Ser 
(79-80) bond. It was concluded that these portions 
of the peptide chain unfolded in the thermal transition, 
an unfolding which could occur upon breaking the 
Tyr-25 to Asp-83 hydrogen bond. 

The choice for pairing the remaining “buried” 
tyrosyl residue (Tyr-97) with either Asp-14 or Asp-38 
appears to favor Asp-38. The major reason for this as- 
sumption is the presence of a disulfide linkage between 
Cys-40 and Cys-95 (Spackman et a/., 1960). Therefore, 
interaction between Tyr-97 and Asp-38 is visualized 
as very probable. In addition, the primary chymotryptic 
cleavages at the Leu-Thr (35-36) bond and Tyr-Lys 
(97-98) bond observed by Rupley and Scheraga (1 963) 
lend support to a Tyr-Asp (97-38) hydrogen bond. The 
pairings, as proposed, do not exclude an interaction 
between Asp-14 and either Tyr-25 or Tyr-97. However, 
Ooi and Scheraga (1964) have proposed that the N-ter- 
minal tail (residues 1-25) is related to the peptide Cys-84 
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to Lys-104 such that Glu(NH2)-11 to Ala-20 reacts 
with the chain between Cys-84 and Cys-95. If this pro- 
posal is correct, then it appears to exclude an inter- 
action between Asp-14 and either Tyr-25 or Tyr-97. 

It is not possible, at this time, to pair Asp-14 with a 
tyrosine residue. However, with the identification of the 
third "buried" tyrosine, perhaps the remaining car- 
boxyl group will also be paired in a reasonable fashion. 
Also, studies are being carried out in this laboratory, 
involving iodination and methylation of pepsin-in- 
activated ribonuclease (Anfinsen, 1956). Since pepsin- 
inactivated ribonuclease contains only one abnormal 
tyrosine (Bigelow and Ottesen, 1959), results of such 
experiments will enable us to pair the tyrosyl and car- 
boxyl groups properly. 

The conclusions presented in this communication 
are intended to add to the knowledge about the con- 
formation of this protein in solution. Thus, the specific 
carboxyl-tyrosyl interactions proposed (Tyr-25 to 
Asp-83 and Tyr-97 to Asp-38) place restrictions on the 
manner in which the molecule could fold. These pairings 
may possibly be revised when our results on pepsin- 
inactivated ribonuclease are obtained. Other informa- 
tion on the structure of this protein is available and is 
summarized here. The arrangement of the disulfide 
bonds in ribonuclease (Spackman et al., 1960) greatly 
restricts the conformation that this protein can assume 
in solution. In addition, Crestfield et al. (1963) postu- 
late that histidine residues 12 and 119 are in close prox- 
imity (approximately 5 A apart) and form part of the 
active site. The data of Hirs (1962) and of Cooke et al. 
(1963) also suggest that Lys-41 is near these histidine 
residues. These conclusions are further supported by 
Saroff and Carroll (1962), who propose that there are 
two triplet-positive sites in ribonuclease; subsequently, 
M. Loeb and H. A. Saroff (private communication) 
proposed additional triplet-positive sites. 

It is visualized that future experiments (such as the 
use of cross-linking reagents) will elucidate the struc- 
ture of additional parts of the molecule. Nevertheless, 
it is recognized that a protein could exist in many 
conformations and that the results of such experiments 
would yield information on the most stable conforma- 
tion of a certain portion of the molecule. 

All of this information is being considered in current 
efforts at calculating protein structure with the aid of 
computer methods (Nemethy and Scheraga, 1965). 

References 

Anfinsen, C. B. (1956), J .  Biol. Chem. 221, 405. 
Bailey, J. L., Moore, S., and Stein, W. H. (1956), J .  

Biol. Chem. 221, 143. 
Bigelow, C. C. ,  and Ottesen, M. (1959), Biochim. Bio- 

phys. Acta 32, 574. 
Broomfield, C. A., Riehm, J. P., and Scheraga, H. A. 

(1965), Biochemistry, 4, 751 (this issue; preceding 

Cha, C. Y . ,  and Scheraga, H. A. (1963), J .  Biol. Chem. 

Chibnall, A. C., and Rees, M. W. (1953), Ciba Found. 

Cooke, J. P., Anfinsen, C. B., and Sela, M. (1963), 

Crestfield, A. M., Stein, W. H., and Moore, S. (1963), 

Donovan, L. G.  (1963), Biochim. Biophys. Acta 78, 

Gundlach, H. G., Stein, W. H., and Moore, S. (1959), 

Hermans, J., Jr., and Scheraga, H. A. (1961a), J .  Am. 

Hermans, J., Jr., and Scheraga, H. A. (1961b), J. Am. 

Hirs, C. H. W. (1956), J .  Biol. Chem. 219, 611. 
Hirs, C. H. W. (1960), J .  Biol. Chem. 235, 625. 
Hirs, C .  H. W. (1962), Brookhaven Symp. Biol. 15 

Hirs, C. H. W., Moore, S., and Stein, W. H. (1956a), 

Hirs, C. H. W., Stein, W. H., and Moore, S. (1956b), 

Nemethy, G., and Scheraga, H. A. (1965), Biopolymers 

Ooi, T., and Scheraga, H. A. (1964), Biochemistry 3, 

Riehm, J. P., and Scheraga, H. A. (1965), Biochemistry 

Rupley, J. A., and Scheraga, H. A. (1963), Biochemistry 

Saroff, H. A.,  andcarroll,  W. R. (1962), J. Bid .  Chem. 

Spackman, D. H., Stein, W. H., and Moore, S. (1960), 

paper). 

238, 2965. 

Symp. Chem. Struc. Proteins, 70. 

J.  Biol. Chem. 238, 2034. 

J.  Biol. Chem. 238,2421. 

474. 

J. Biol. Chem. 234, 1754. 

Chem. SOC. 83, 3283. 

Chem. SOC. 83, 3293. 

(BNL738 (C-34)), 154. 

J .  Biol. Chem. 219, 623. 

J .  Biol. Chem. 221, 151. 

(in press). 

641. 

4, 772 (this issue; following paper). 

2, 421. 

237, 3384. 

J. Biol. Chem. 235, 648. 

77 1 

A B N O R M A L  C A R B O X Y L  G R O U P S  O F  R I B O N U C L E A S E  


