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Amino Acid Sequences of Peptides from the Tryptic Digest of 
Golfingia gouldii Hemerythrin* 

W. R. Groskopf,? J. W. Holleman, E. Margoliash, and I. M. Klotz 

ABSTRACT : Peptides from two separate tryptic digests 
of Golfingia gouldii hemerythrin were purified by 
Dowex 50W-X2 column chromatography followed 
by paper electrophoresis, paper chromatography, 
gel filtration, or various combinations of these tech- 
niques. The amino acid sequences of these peptides 
were completely determined, except for the relative 
positions of some of the residues in three peptides. 
These sequences account for a total of 113 residues 

T he preceding paper (Groskopf er al., 1966) gives 
the amino acid composition as well as the amino- 
terminal and the carboxyl-terminal sequences of 
Golfingia gouldii hemerythrin. The present paper will 
describe the amino acid sequences of all the peptides 
recovered from tryptic digests of the protein. 

Experimental Section 

Preparation of Tryptic Digests. G.  gouldii hemeryth- 
rin was prepared and crystallized, and the iron- 
free protein was recovered, as previously described 
(Groskopf et a[., 1966). Two separate tryptic digests, 
one from the whole protein and the other from the 
iron-free protein, were utilized. 

In the first case, 2.5 g (179 pmoles of subunit) of 
oxyhemerythrin, dissolved in 435 ml of pH 8.0, 0.02 
M ammonium bicarbonate, was denatured by heating 
at 65" for 5 min. The resulting suspension was cooled, 
and to it was added 25 mg of trypsin (Worthington 
Biochemical Corp.) treated with dilute hydrochloric 
acid according to Northrop and Kunitz (1936) to 
destroy residual chymotryptic activity. Further addi- 
tions of 25 mg of trypsin were made at 4 and 8 hr and 
the hydrolysis was allowed to proceed at 32" for 22 
hr. The digest was lyophilized. The peptides recovered 
from this digest are denoted T. 
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in the entire polypeptide chain, which compares with 
the 112.3 residues calculated from direct analyses 
of the amino acid composition of the protein. The 
yields of these peptides indicate that they represent 
the predominant sequence of the G. gouldii heme- 
rythrin subunits. One peptide, recovered in low yield, 
contained an apparent amino acid substitution which 
may represent one of the points of variation of the 
subunits in the protein. 

For the second digestion, trypsin treated with 
TPCK* (Schoellmann and Shaw, 1962) was used 
to decrease the number of chymotryptic cleavages. 
Iron-free hemerythrin (165 pmoles of subunit) was 
suspended in 480 ml of pH 8.0, 0.11 M ammonium 
bicarbonate and hydrolyzed for 7.5 hr at 37" with 
TPCK-treated trypsin (3.2 pmoles). The digest was 
lyophilized. The peptides recovered from this digest 
are denoted TT. 

Initial Chromatographic Separation of Peptides. 
The digests were fractionated on a column of Dowex 
50W-X2 cation-exchange resin (J. T. Baker Chemical 
Co.). Preparation of the column and compositions 
of the pyridine-acetic acid buffers used for develop- 
ment were as described by Margoliash and Smith 
(1962). For application to the column, the lyophilized 
digests were dissolved in 70 ml of the pH 3.1 starting 
buffer. A small amount of insoluble material was 
removed by centrifugation. For the T digest, a linear 
gradient between pH 3.1 and 5.0 was used, as detailed 
in Figure 1. 

For the TT digest, a compound gradient produced 
by a five-chambered gradient device (Peterson and 
Sober, 1959) was applied. Tank 1 of the device con- 
tained 8 I. of the 0.2 M, pH 3.1, pyridine-acetic acid 
starting buffer; tanks 2-4 contained 8 1. of pH 3.3, 
4.4, and 3.4 buffers, respectively, made by mixing 
appropriate amounts of the starting and final buffers; 
and tank 5 contained 8 1. of the final pH 5.0, 2.0 M 
pyridine-acetic acid buffer. The details of this chroma- 
tography are given in Figure 2. 

Purification and Characterization of Peptides. Each 
column chromatographic fraction was characterized 

1 Abbreviations: TPCK, L-( 1-tosylamido-2-pheny1)ethyl chlo- 
romethyl ketone; PTC, phenylthiocarbamyl derivative; PTH, 
phenylthiohydantoin derivative; nd, not determined. 3783 
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FIGURE 1 : Initial column chromatographic fractionation of T digest. Resin, Dowex 50W-X2, equal-volume mixture 
of 120-200 and 300-325 mesh size grains; column size, 3.8 X 180 cm; flow rate, 200 ml/hr. The effluent was collected 
in 20-ml aliquots and samples of 0.5 ml were taken from every third one for ninhydrin monitoring (Stein and Moore, 
1954). The initial temperature (40") was raised to 60" after passage of 56 1. of eluting mixture. The linear gradient be- 
tween pH 3.1 (starting buffer) and 5.0 (final buffer) was started at  20 l. A final eluting mixture of four parts of pH 5.0 
buffer and one part of concentrated ammonium hydroxide (v/v) was added at  the point indicated. Fractions pooled 
according to ninhydrin results were reduced in volume by rotary evaporation and lyophilized. 
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FIGURE 2 : Initial column chromatographic fractionation 
of TT digest. Column dimensions, flow rate, collection 
and ninhydrin monitoring program, and fraction 
reduction are all as in Figure 1;  resin, Dowex 50W- 
X2, 200-400 mesh. The initial temperature (40") 
was raised to 60" after passage of 36 I. of eluting mixture. 
The compound gradient changed from pH 3.1 to 5.0 
as indicated. Pyridine (2.0 M) and 3.0 M ammonium 
hydroxide were added at  points indicated. 

by amino acid analysis (Spackman et ul., 1958) follow- 
ing hydrolysis for 40 hr at 108" with 6 N triply glass-dis- 
tilled HCI in sealed, evacuated tubes. The peptides in 
each fraction were also monitored by paper electrophor- 
esis followed by Chromatography (Ingram, 1958) under 
the following standard conditions: electrophoresis, 35 
v/cm, 90 min, 5", pH 6.4 pyridine-acetic acid-water 
buffer (133:4.6:1860, v/v) (Michl, 1951); chromatog- 
raphy, 15 hr, 1-butanol-acetic acid-water (100 : 30 : 
75, v/v) or pyridine-1-butanol-acetic acid-water (60: 
40:12:48, v/v). Peptides were revealed with a nin- 
hydrin reagent containing collidine (Margoliash and 
Smith, 1962). To detect ninhydrin-weak or ninhydrin- 
negative peptides, a modification of the method of 
Pan and Dutcher (1956) was used. The paper was 
sprayed with 0.25% NaOCl and after 10 min dipped 
in 1% formaldehyde in acetone. After drying, a light 
spray of aqueous starch-KI (both 0 . 5 z )  was applied, 
and the peptides appeared blue-black against a white 

3784 background. Tryptophan (Smith, 1953a), arginine 

(Smith, 1953b), methionine and cysteine (Chargaff 
et al., 1948), and tyrosine and histidine (Smith, 1960) 
were revealed by standard techniques. 

Following the indications given by the paper electro- 
phoresis-chromatography and the amino acid analyses, 
the peptide fractions were purified by paper electro- 
phoresis, by paper chromatography, or by combinations 
of both techniques, under the conditions described 
above for paper electrophoresis-chromatography, 
using Whatman 3MM paper. In some cases, a prelimi- 
nary fractionation was done on columns (1.2 x 120 
cm) of Sephadex G-25 (Pharmacia Fine Chemicals, 
Inc.), using 50z acetic acid as eluent. 

Determination of Amino Acid Sequences. The Edman 
sequential degradation procedure (Edman, 1950, 1953) 
was performed according to Konigsberg and Hill 
(1962) with the following minor changes. The forma- 
tion of the PTC' peptide and its cyclization in anhy- 
drous trifluoroacetic acid were carried out under 
nitrogen. The identity of the amino-terminal residue 
was determined in most cases by the subtractive method 
(Hirs el  af., 1960). In some instances, the PTH1 deriva- 
tives released were identified by paper chromatography 
according to Sjoquist (1953), using solvent A. 

Where necessary to complete the sequence deter- 
minations, peptides were further fragmented with 
chymotrypsin, pepsin, or dilute acetic acid. In a typical 
preliminary digestion with chymotrypsin (Worthington 
Biochemical Corp.), 0.2 pmole of peptide was digested 
in 100 MI of a 0.1 M, pH 8.0, ammonium bicarbonate 
buffer containing 0.1 z enzyme (w/v) at  room tempera- 
ture. A similar procedure was used for digestion with 
pepsin (Worthington Biochemical Corp.), except that 
the reaction was run in 5 formic acid (Canfield, 1963). 
For partial acid hydrolysis, similar small amounts 
of peptide were hydrolyzed in 2 ml of 0.25 M acetic 
acid in sealed, evacuated tubes at  108" (Partridge 
and Davis, 1950; Schroeder et al., 1963). Optimum 
reaction times were determined by subjecting samples 
taken at  various times to paper electrophoresis-chroma- 
tography, and the digestions were then scaled up for 
preparative purposes. 
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Partial and total leucine aminopeptidase digestions 
(Margoliash and Smith, 1962) were employed to 
confirm amino-terminal sequences and for the detection 
of asparagine and glutamine. Two enzyme preparations 
were used, one prepared by Mr. Otto W. Walasek 
of Abbott Laboratories, North Chicago, Ill. (prepara- 
tion I), and the other a commercial sample (Worthing- 
ton Biochemical Corp.) (preparation 2). In addition 
to aminopeptidase activity, both preparations also 
cleaved peptides at the carboxyl group of proline (see 
peptide TT-5ch4, related peptides, and Discussion). 

For digestions with carboxypeptidase A (Worthington 
Biochemical Corp.), 0.2-0.4 kmole of peptide in 
0.2-0.4 ml of 0.05 M, pH 8.5, sodium borate buffer 
(Olson and Kuby, 1964) was incubated at  room tem- 
perature at enzyme :substrate ratios of about 1 : 20 
(w/w) for periods of from 5 min to 6 hr. Aliquots were 
removed at  various times and either chromatographed 
on paper in the solvents listed above or subjected to 
amino acid analysis. Digestions with carboxypeptidase 
B (Worthington Biochemical Corp.) were similarly 
performed in 0.1 M, pH 8.0, ammonium bicarbonate 
buffer. I t  should be noted that at  pH 8.5 carboxy- 
peptidase A released lysine quite readily (Olson and 
Kuby, 1964). 

Nomenclature. Peptides derived from the series 
obtained by digestion of iron-containing hemerythrin 
with acid-treated trypsin are denoted T,  and those 
from digestion of the iron-free protein with TPCK- 
treated trypsin, TT. The coding system for individual 
peptides within a series consists of a numeral indicat- 
ing the number of the original Dowex 50W-X2 column 
chromatographic fraction in which the peptide ap- 
peared, followed by the notations el, ch, and G,  to 
denote purification by paper electrophoresis, paper 
chromatography, or gel filtration on Sephadex G-25, 
respectively. The notation el is followed by A, N, or 
B, to denote whether the peptide was electrophoretically 
acidic, neutral, or basic under the conditions em- 
ployed, and then by a number to distinguish between 
peptides of the same electrophoretic class in the case 
of the basic and acidic ones, counting from the origin. 
Peptides purified by gel filtration are numbered in the 
order of their elution from the column. Peptides 
purified by paper chromatography are numbered 
sequentially from the origin. The letters C,  P, CA, 
CB, L, and AA denote digestion with chymotrypsin, 
pepsin, carboxypeptidase A, carboxypeptidase B, 
leucine aminopeptidase, and dilute acetic acid, respec- 
tively. The various operations performed to obtain 
each peptide appear sequentially, following the fraction 
number. 

The tables giving the evidence presented for the 
proposed amino acid sequences also list the chromato- 
graphic (ch) and electrophoretic (e[)  mobilities of the 
peptides on paper in centimeters under the standard 
conditions given above for paper electrophoresis- 
chromatography. A minus sign (-) indicates move- 
ment toward the anode (acidic peptide) and a plus 
sign (+) movement toward the cathode (basic peptide). 
No movement is indicated by a zero (0). The initial 

colors given by ninhydrin are indicated as follows: 
B = blue; G = green; Gr = gray; Y = yellow; 
Or = orange. The presence of tryptophan, arginine, 
and tyrosine and histidine is indicated by the notations 
Ehrlich, Sakaguchi, and Pauly, respectively. 

Tables 11-VI11 list the amino acid compositions of 
the purified peptides in residues per molecule of peptide, 
followed, within brackets, by the yield, the paper 
electrophoretic and chromatographic mobilities, the 
initial ninhydrin color, and the color reactions for 
specific residues, in that order. The yields of peptides 
listed were calculated with respect to the initial amount 
of digest employed, from the compositions of the 
pure peptides referred to the amino acid analyses of 
the crude Dowex 50W-X2 column chromatographic 
fractions in which they appeared. Residues observed 
in the amino acid analyses but which were in yields 
below 10% of the major constituents are not reported. 
When amino acids released by exopeptidases were 
identified only by paper chromatography, they were 
rated on a scale of $1 to f 4  according to the intensity 
of their ninhydrin color. In all tables, and in the text, 
the numbers given in parentheses are the assumed 
stoichiometric numbers of residues per molecule of 
pure peptide. In reporting Edman degradations, the 
residues and numbers marked in boldface type corre- 
spond to the residue removed at each step. 

Results 

Recofiery of Peptides from Dowex 5OW-X2 Chroma- 
tography. The elution patterns of peptides from the 
Dowex 50W-X2 column chromatography of the T 
digest (iron-containing hemerythrin, acid-treated tryp- 
sin) and the TT digest (iron-free hemerythrin, TPCK- 
treated trypsin) are shown in Figures 1 and 2, respec- 
tively. Most of the structural work was done on the 
T digest. Peptides from the lT run were used when 
they were more easily purified or when they provided 
overlapping sequences for two or more peptides from 
the T run. The TT run also made up for the loss of 

TABLE I :  Over-All Yield of Amino Acids from the TT 
Run. 

Amino z Amino % 
Acid Yield Acid Yield 

75 
63 
62 
82 
72 
97 
81 

100 
93 

Ala 
CYS 
Val 
Met 
Ile 
Leu 
TYr 
Phe 
TrP 

81 
23 
67 
87 
55 
69 
79 
84 

3785 Numerical Average 74.7 z 
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TABLE 11 

Gly-Phe-Pro-Ile-Pro-Asp-Pro-Tyr-Val-Asp-Trp-Pro-Ser-Phe-Arg 
. r - T-lOch2- + -T-61ch3- 

T-16, 
+---T-9ch2-+17,18++T-39+ t T - 5 7 e l B 2 -  

chl ch3 

TT-5ch4. 

Carboxypeptidase B 
Leucine aminopeptidase 

T- 1 Och2 

Edman I 
I1 
I11 
IV 
V 
VI 

Carboxypeptidase A 
AAchl 
AAch2 
AAch3 
AAch4 

T-61ch3 

Edman I 

Carboxypeptidase B 
Leucine aminopeptidase 

T-9ch2 

Edman I 
I1 

T-l6,17,18chl 
T-39ch3 

Edman I 
Carboxypeptidase A 

T-57elB2 

Edman I 
I1 
111 

Gly, 1.07 (1); Phe, 1.92 (2); Pro, 3.96 (4); Ile, 1.19 (1); Asp, 2.02 (2); Tyr, 0.45 (1); 
Val, 0.84 (1); Trp, (1);o Ser, 0.87 (1); Arg, 0.92 (1); Leu, 0.15 [27%; el, -2; ch, 
20; Y to G ;  Pauly, Ehrlich]. 

Phe, 0.93 (1); Arg, 1.08 (1) (4 hr, room temperature). 
Gly, 1.00 (1); Tyr, 1.02 (1); Val, 1.00 (1); Asp, 0.33; Ser, 0.95 (1); Phe, 1.05 (1 

Arg, 0.98 (1) (preparation 1,18 hr, 40"). Gly, 0.80 (1) (preparation 2 ,4  hr, 40"). 
Gly, 1.02 (1); Phe, 0.98 (1); Pro, 2.97 (3); Ile, 1.00 (1); Asp, 1.03 (1); Tyr, 0.73 ( 

[43 %; e/, -6; ch, 28; G ;  Pauly]. 
Gly,0.24;Phe,0.88(l);Pro,2.95(3);Ile, 1.09(1);Asp, 1.07(1). 
Gly,0.08;Phe,0.12;Pro,2.89(3);Ile, l.OO(l);Asp, 1.11 (1). 
Pro, 2.03 (2); Ile, 0.92 (1); Asp, 1.04 (1). 
Pro, 2.00 (2); Ile, 0.00; Asp, 1.15 (1). 
Pro, 0.91 (1); Asp, 1.09 (1). 
Pro, 1 .OO (1) ; Asp, 0.42. 
Tyr, 1.00 (1) (2 hr, room temperature). 
Asp, 1 .OO (1). 
Gly, 0.82 (1); Phe, 0.89 (1); Pro, 2.13 (2); Ile, 1.04 (1); Asp, 1.11 (1). 
Gly, 0.76 (1); Phe, 1.00 (1); Pro, 2.19 (2); Ile, 1.08 (1). 
Pro, 1.00 (1); Tyr, 0.35 (1). 
Val, 0.94 (1); Asp, 1.10 (1); Trp (1);a Pro, 0.96 (1); Ser, 1.09 (1); Phe, 0.92 (1); Arg, 

Val, 0.07; Asp, 1.03 (1); Pro, 1.10 (1); Ser, 0.97 (1); Phe, 1.10 (1); Arg, 0.90 (1); 

Arg, 1.08. (1); Phe, 0.92 (1) (1 hr, room temperature). 
Val, 1.11 (1); Ser, 0.98 (1); Phe, 0.94 (1); Arg, 1.00 (1) (preparation 1, 1 hr, 40"). 

Gly, 0.96 (1); Phe, 0.96 (1); Pro, 2.02 (2); Ile, 1.00 (1); Asp, 1.08 (1) [23%; e/, -6; 

Gly, 0.30; Phe, 0.75 (1); Pro, 2.02 (2); Ile, 0.98 (1); Asp, 1.23 (1). 
Gly,0.18;Phe,0.26;Pro, 1.92(2);Ile, 1.09(1);Asp, lSO(1). 
Pro, 1.12 (1); Tyr, 0.88 (1) [12%; el, 0; ch, 23; ninhydrin negative; Pauly]. 
Val, 0.90 (1); Asp, 1.10 (1); Trp, 1.00 (1)b [35%; el, -7; ch, 26; B; Ehrlich]. 
Val, 0.05; Asp, 1.00 (1); Trp, nd. 
Trp, +1 (30 min, room temperature). Trp, +2 (3 hr, room temperature). 
Pro, 1.00 (1); Ser, 1.01 (1); Phe, 1.03 (1); Arg, 0.96 (1) [50%; e/, + lo ;  ch, 14; Saka- 

Pro, 0.13; Ser, 1.02 (1); Phe, 0.91 (1); Arg, 1.07 (1). 
Ser, 0.31; Phe, 0.97 (1); Arg, 1.03 (1). 
Ser, 0.23; Phe, 0.40; Arg, 1.00 (1). 

0.97 (1) [12 %; el, 0; ch, 21 ; B ; Ehrlich]. 

Trp, nd. 

Val, 1.00 (1); Ser, 0.25; Phe, 0.33; Arg, nd (preparation 2, 1 hr, 40"). 

ch, 28; Gr to GI. 

guchi]. 

- 

4 Assumed from positive Ehrlich reaction. * Analytical values obtained from a total leucine aminopeptidase digest. 
c See Nomenclature Section in text for abbreviations and their meanings. 

fraction T-64, which contained the lone cysteine a numerical average of about 7 5 z  (see Table I). In 
peptide. view of these results, and considering also losses 

An attempt was made, during the chromatography incurred during the subsequent manipulations, over- 
of the TT run, to assess the loss of peptides occurring all yields of peptides above 20% were considered 
at this stage. From the analyses of all the crude chroma- to be adequate for placing a peptide with the others 
tographic fractions it was found that the recoveries as part of the predominant subunit chain. That this 
of individual residues varied from 23 to loo%, with view was justified is seen from the fact that the number 3786 
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of residues thus placed corresponds well with the 
number determined by direct amino acid analysis of 
the protein (Groskopf et al., 1966), with no apparent 
conflicting or extraneous sequences. 

Amino Acid Sequences of Peptides 
Peptides TT-Sch4, T-lOch2, T-I6,17,18chl, T-61ch3, 

T-39ch3, and T-57elB2. Composite sequence, Gly-Phe- 
Pro-Ile-Pro-Asp-Pro-Tyr-Val-Asp-Trp-Pro-Ser-Phe-Arg 
(Table 11). The unique compositions of these peptides 
indicate that they are all part of the same segment, a 
segment which moreover is clearly amino terminal 
in the subunits, as it includes the unique amino- 
terminal Gly-Phe-Pro sequence shown to occur in 
the intact protein (Groskopf et al., 1966). 

Peptide TT-5ch4 covers the entire sequence and 
contains all the four prolyl residues found in each 
subunit (Groskopf et al., 1966). Its carboxyl-terminal 
sequence is Phe-Arg, as evidenced from the results of 
carboxypeptidase B digestion. It is remarkable that 
the leucine aminopeptidase preparation 1 released all 
the amino acids in the peptide other than the prolyl 
residues and the residues immediately preceding them. 
Similar results were obtained with peptide T-61ch3 
and must be a consequence of contamination of the 
leucine aminopeptidase preparation with an enzyme 
cleaving at the carboxyl bond of proline. The leucine 
aminopeptidase preparation 2 released glycine from 
peptide lT-5ch4 in stoichiometric amounts, plus 
about 10% of an equivalent each of the other residues 
released by preparation 1, indicating that glycine was 
in fact amino terminal. The electrophoretic mobility 
of peptide TT-5ch4 showed that both aspartyl residues 
must be present in the nonamidated form. 

Peptide T-lOch2, comprising the amino-terminal 
half of the over-all sequence, was shown to have the 
structure Gly-Phe-Pro-Ile-Pro-Asp-Pro-Tyr by Edman 
degradation and carboxypeptidase A digestion, the 
third prolyl residue being placed by difference. This 
sequence was confirmed by the compositions of peptides 
recovered from a partial acid digest (peptides T-lOch- 
2AAch1, 2, 3, and 4). Peptide T-loch2 was acidic, 
confirming the absence of an amidated residue in 
this part of the segment. It should be noted that at 
all steps of the Edman degradation no tyrosine was 
recovered, even after addition of hydrazine hydro- 
chloride before acid hydrolysis (Sanger and Thompson, 
1963). There is no obvious reason for this phenomenon, 
since normal recoveries of tyrosine were obtained 
in numerous other cases. 

Peptides T-9ch2 and T-l6,17,18chl comprise the 
amino-terminal and carboxyl-terminal segments, re- 
spectively, of peptide T-lOch2. Partial studies of their 
structure confirmed the sequence proposed for T-lOch2. 

One step of the Edman degradation on peptide 
T-61ch3 gave valine as amino terminus, and digestion 
with carboxypeptidase B gave arginine and phenyl- 
alanine. Treatment with leucine aminopeptidase (prepa- 
ration 1) gave results similar to those discussed above 
for peptide TT-5ch4, confirming, in particular, the 
presence of the aspartyl residue in its nonamidated 

form. From their unique compositions, peptides 
T-39ch3 and T-57elB2 are seen to be the amino- 
terminal and carboxyl-terminal segments, respec- 
tively, of peptide T-61ch3. The structure of T-39ch3 
was determined as Val-Asp-Trp by Edman degrada- 
tion and carboxypeptidase A digestion and the struc- 
ture of T-57elB2 as Pro-Ser-Phe-Arg by three steps 
of Edman degradation, thus establishing the structure 
of this part of peptide TT-5ch4 as given. 

Peptides lT-9elN, T-36ch.5, andT-4SchlelAl. Composite 
Sequence, Thr-Phe-Tyr-Ser-Ile-Ile-Asp-(Asp, G1u)-His- 
Lys (Table 111). Four steps of Edman degradation on 
peptide TT-9elN established the amino-terminal se- 
quence as Thr-Phe-Tyr-Ser. The electrophoretic and 
chromatographic mobilities were nil, because of in- 
solubility. Peptide T-36ch5 was shown to comprise 
the amino-terminal tripeptide sequence by Edman 
degradation and carboxypeptidase A digestion. The 
partial sequence of peptide T-45chlelAl was deter- 
mined by Edman degradation and by carboxypeptidase 
B digestion. It may be noted that leucine aminopepti- 
dase digestion established the presence of two iso- 
leucines in this peptide, while the acid hydrolysates of 
residual peptides from Edman degradation consist- 
ently gave low values for isoleucine as expected from 
the presence of an Ile-Ile sequence (Whitfield, 1963). 
Digestion with carboxypeptidase B for 1.5 hr released 
only lysine, while treatment for 8 hr released also a 
small amount of histidine. Because of the small amount 
of purified peptide recovered from the parent fraction, 
the relative positions of the two residues shown in 
parentheses could not be established with certainty. 
Tentative evidence not listed in the table, obtained 
from a partial acid hydrolysis, appeared to indicate 
that the sequence of these residues is as noted. 

Peptide T-27ch4. Sequence, Thr-Leu-Phe. This peptide 
(Thr, 0.99 (1); Leu, 1.03 (1); Phe, 0.98 (1) [22%; el, 0; 
ch, 36; GI) was subjected to two steps of Edman degrada- 
tion, as follows. Edman I :  Thr, 0; Leu, 1.00 (1); Phe, 
l.OO(1). EdmanII:Leu,O.O7;Phe, l.OO(1). 

Peptides T-2lchl and T-5ch4. Composite Sequence, 
Asn-Gly-Ile-Phe. Peptide T-2lchl (Asp, 1.05 (1); 
Gly, 1.11 ( I ) ;  Ile, 0.97 (1); Phe, 0.88 (1) [13%; el, 0; 
ch, 23; Y to B]) was shown to have the amino acid 
sequence listed above by carboxypeptidase A digestion, 
which released phenylalanine (f 3) and isoleucine 
(f 1) after 45 min of digestion, and by Edman degrada- 
tion as follows. Edman I: Asp, 0.27; Gly, 1.00 (1); 
Ile, 1.08 (1); Phe, 0.93 (1). Edman 11: Asp, 0.22; Gly, 
0.43; Ile, 1.08 (1); Phe, 0.91 (1). Digestion with leucine 
aminopeptidase followed by amino acid analysis showed 
that the peptide contained asparagine rather than as- 
partic acid, as was also indicated by the electrophoretic 
mobility. 

Peptide T-5ch4 (Asp, 0.91 (1); Gly, 1.09 (1); Ile, 
1.04 (1); Phe, 0.95 (1) [ l o x ;  el, -7; ch, 27; Or]) had 
the same amino acid composition as peptide T-2lchl 
except that its electrophoretic mobility indicated 
the presence of aspartic acid rather than asparagine. 
This peptide thus appears to be a deamidated product 
of peptide T-2lchl. Digestion with carboxypeptidase 3787 
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TABLE 111 

Thr-Phe-Tyr-Ser-Ile-Ile-Asp-(Asp, Glu)-His-Lys 
t- TT-9elN --+ 

cT-36ch5++-T-45ch lelA 1- 

TT-9elN Thr, 0.98 (1); Phe, 1.28 ( I ) ;  Tyr, 0.74 (1); Ser, 1.07 (1); Ile, 0.97 (2); Asp, 2.11 (2); 

Thr, 0.02; Phe, 1.07 (1); Tyr, 0.93 (1); Ser, 1.00 (1); Ile, 1.21 (2); Asp, 1.96 (2); Glu, 

Thr, 0.04; Phe, 0.19; Tyr, 0.69 (1); Ser, 0.96 (1); Ile, 1.25 (2); Asp, 2.07 (2); Glu, 

Thr, 0.04; Phe, 0.10; Tyr, 0.10; Ser, 0.96 (1); Ile, 1.20 (2); Asp, 2.10 (2); Glu, 0.92 

Thr, 0.04; Phe, 0.19; Tyr, 0.10; Ser, 0.28; Ile, 1.12 (2); Asp, 2.10 (2); Glu, 1.00 (1); 

Thr, 1.04 (1); Phe, 1.03 (1); Tyr, 0.93 (1) [48%; e/, 0; ch, 31; G ;  Pauly]. 
Edman I Thr,O.OO;Phe, 1.00(1);Tyr,0.20(1). 
Carboxypeptidase A Tyr, +4 (30 min, room temperature). 

Ser, 0.96 (1); Ile, 1.47 (2); Asp, 2.02 (2); Glu, 1.02 (1); His, 0.93 (1); Lys, 1.06 (1) 

Ser,0.03; Ile,0.31 (2);Asp, 1.97(2); Glu, 1.09(1); His, 1.03(1); Lys,0.72(1). 
11 Ser, 0.03; Ile, 0.91 (1); Asp, 2.03 (2); Glu, 1.06 (1); His, 1.03 (1); Lys, 0.89(1). 
111 Ser, 0.10; Ile,0.16;Asp,2.10(2); Glu, 1.06(1); His,0.90(1); Lys,0.71 (1). 
IV Ser,0.03;Ile,0.10;Asp,1.39(1);Glu,0.85(1);His,1.25(1);Lys,0.90(1). 

Ser, 0.98 (1); Ile, 2.04 (2) (preparation 2,2 hr, 40"). 
Lys, +4 (1.5 hr, room temperature). Lys, +4; His, +1 (8  hr, room temperature). 

Glu, 0.95 (1); His, 1.00 (1); Lys, 0.98 (1) 143 %; el, 0; ch, 0; B; Pauly]. 

l .OO(1) ;  His, Lys, nd. 

0.96 (1); His, Lys, nd. 

(1) ;  His, Lys, nd. 

His, Lys, nd. 

Edman I 

Edman I1 

Edman I11 

Edman IV 

T-36ch5 

T-45ch lelA 1 

Edman I 
[lS%;e/,  -5;ch,6;B;PaulyJ. 

Leucine aminopeptidase 
Carboxypeptidase B 

A yielded results which were essentially identical with 
those obtained from peptide T-2lchl. However, T-5ch4 
was anomalous in that it did not undergo Edman deg- 
radation, the residual peptide yielding the same analy- 
sis even after two cycles. Moreover, it gave an un- 
usually strong orange color on paper with the nin- 
hydrin-collidine reagent. Similarly, residual peptides 
observed during the paper chromatography of the 
carboxypeptidase A digests, which contained one and 
two residues less, respectively, at the carboxyl-terminal 
end, gave the same ninhydrin-collidine color. It is 
interesting to note that this peptide was clearly detected 
in the peptide maps of the original tryptic and chymo- 
tryptic digests of the whole protein. The possible 
reasons for this anomalous behavior are considered 
under Discussion. 

Peptide T-47elAI. Sequence, His-Leu-Ala-ne-Asp- 
(Asp,, Gly, Ala, Leu)-Glu-Leu-Arg. This peptide (His, 
0.91 (1); Leu, 2.86 (3); Ala, 2.04 (2); Ile, 0.97 (1); 
Asp, 5.11 (5); Gly, 1.00 (1); Glu, 1.05 (1); Arg, 1.04 
(1) [34%; el, -9; ch, 13; Y ;  Pauly, Sakaguchi]) was 
subjected to five steps of Edman degradation as 
follows. Edman I :  His, 0.07; Leu, 2.99 (3); Ala, 1.88 
(2); Ile, 1.00 (1); Asp, 5.13 ( 5 ) ;  Gly, 0.97 (1); Glu, 1.04 
(1); Arg, 1.00 (1). Edman 11: Leu, 1.98 (2); Ala, 2.02 
(2); Ile, 0.89 (1); Asp, 4.87 (5); Gly, 1.08 (1); Glu, 
1.04 (1); Arg, His, nd.' Edman 111: Leu, 2.22 (2); 
Ala, 1.36 (1); Ile, 0.98 (1); Asp, 4.97 (5); Gly, 1.10 (1); 
Glu, 0.98 (1); Arg, His nd. Edman IV: Leu, 2.12 (2); 3788 

Ala, 1.16 (1); Ile, 0.27; Asp, 5.01 (5); Gly, 1.01 (1); 
Glu, 0.99 (1); Arg, His, nd. Edman V: Leu, 2.14 (2); 
Ala, 1.18 (1); Ile, 0.23; Asp, 3.98 (4); Gly, 1.02 (1); 
Glu, 0.98 (1); Arg, His, nd. 

Analysis of the residual peptide after the sixth 
cycle of Edman degradation gave the same amino 
acid analysis as after the fifth cycle. Leucine amino- 
peptidase also failed to release any amino acids from 
this residual peptide. While the presence of an aspartyl 
residue alone would be sufficient to prevent action 
by the leucine aminopeptidase, the lack of action of 
both the agents could be explained by the presence of 
an aspartyl or, especially, an asparaginyl residue in 
the sixth place, while could have become converted 
to a @-aspartyl linkage by the acid treatment step of the 
Edman degradation. The modalities of such trans- 
formations are considered under Discussion. It may 
be noted that the electrophoretic mobility of the original 
peptide indicates that it contains at least one amide 
group, which cannot be on the lone glutamyl residue 
as this was liberated as glutamic acid by the action 
of carboxypeptidase B (see below), and which may 
well be on the residue in question. Digestion of the 
originaf peptide with leucine aminopeptidase yielded 
His, 1.10 (1) ;  Leu, 1.04 (1); Ala, 0.96 (1); Ile, 0.91 (l), 
thus placing these four residues at the amino terminus, 
confirming to that extent the results of the Edman 
degradation. 

Carboxypeptidase B (5 hr, room temperature) 
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TABLE IV 

(His, Asp, Glup, Val, Leu, Phe)-Leu-Met-Gln-Ala-Ser-Gln-Tyr 
f- T-0 ~ - T - 2 c h 2 +  

T-0 

Carboxypeptidase A 

T-2ch2 

Carboxypeptidase A 

Edman I 
I1 
I11 

Carboxypeptidase A 

T-20ch2 

Edman I 
Carboxypeptidase A 

+T-l4,15elAl+ 
a T - 2 0 c h 2 -  

His, 1.00 (1); Asp, 1.16 (1); Glu, 1.86 (2); Val, 1.03 (1); Leu, 2.02 (2); Phe, 1.10 (1); 

Met, +4; Leu, f l  (2 min, room temperature). Met, f 4 ;  Leu, +3 (10 min, room 

Glu, 2.01 (2); Ala, 1.03 (1); Ser, 1.04 (1); Tyr, 0.94 (1) [37%; el, 0; ch, 18; nin- 

Tyr, $4 (5  min, room temperature). Tyr, f 4 ;  Gln, +2; Ser, f l  (lhr, room tem- 

Glu, 2.05 (2); Ala, 0.96 (1); Ser, 1.00 (1); Tyr, 1.00 (1) [4%; el, +6; ch, 14; B; 

Glu, 1.22 (1); Ala, 0.95 (1); Ser, 1.10 (1); Tyr, 0.95 (1). 
Ala,0.26; Ser,0.96(l);Glu, 1.29(1);Tyr,1.04(1). 
Ala,0.21;SerY0.27;Glu, 1.02(1);Tyr,0.98(1). 
Tyr, f 4 ;  Gln, 4-1 (15 min, room temperature). Tyr, +4; Gln, +3 ;  Ser, +1 (2 hr, 

Met, 0.74(1); Glu, 1.99 (2); Ala, 1.01 (1); Ser, 1.05 (1); Tyr, 0.68 (1) [11%; el, $3; 

Met, 0.27; Glu, 2.02 (2); Ala, 1.05 (1); Ser, 0.92 (1); Tyr, 0.31 (1). 
Tyr, $4 (15 min, room temperature). Tyr, f 4 ;  Gln, f 3  ( 2  hr, room tempera- 

Met, 0.69 (1); Ser, 0.18; Gly, 0.14; Ala, 0.23; Ile, 0.13; Tyr, 0.14 [22%]. 

temperature). 

hydrin negative; Pauly]. 

perature). 

Pauly]. 

room temperature). 

ch, 9; B; Pauly]. 

ture). 

released Arg, Leu, and Glu in that order from the 
peptide, in molar ratios relative to Arg of Arg, 1.00, 
Leu, 0.96, and Glu, 0.58, thus establishing the carboxyl- 
terminal sequence as given. Lack of further action of 
the carboxypeptidase B could be due to the presence 
of an aspartyl residue preceding the glutamyl residue. 
Extensive losses during the purification of the peptide 
and failure to separate well-characterized products 
following hydrolysis with chymotrypsin, pepsin, and 
dilute acetic acid precluded any further studies. 

Peptide T-42chl. Arg. This fraction was shown to 
consist of free arginine by amino acid analysis of an 
unhydrolyzed sample. It was obtained in 5 8 %  yield 
[el, +lo ;  ch, 7 ;  B; Sakaguchi]. 

Peptides T-0, T-20ch2, and T-l4,15elAI. Composite 
Sequence, (His, Asp, Glus, Val, Leu, Phe)-Leu-Met- 
Gln-Ala-Ser-Gln-Tyr (Table IV). Peptide T-0 was 
obtained as the insoluble residue when the lyophilized 
initial tryptic digest was dissolved in the starting chro- 
matographic buffer. This fraction was not further 
purified. Carboxypeptidase A digestion indicated 
the carboxyl-terminal sequence to be Leu-Met. Small 
amounts of the same peptide in yields of about 2x 
were recovered in fractions T-43 and TT-5. 

The unique amino acid compositions of the other 
three peptides listed above clearly indicate that they 
belong to the same segment of the protein. Moreover, 
since the protein subunit contains a single methionyl 
residue (Groskopf et al., 1966), T-20ch2 must follow 
and overlap with T-0. Carboxypeptidase A digestion 

of peptides T-2ch2, T-l4,15elAl, and T-20ch2 showed 
that all three terminate in the sequence Glu-Tyr. 

Successive Edman degradations of peptide T-20ch2 
released only methionine, did not release any residues 
from peptide T-2ch2, and were blocked after three 
steps on peptide T-l4,15elAl. In all cases this was 
presumably due to the cyclization of amino-terminal 
glutaminyl residues (see Hill, 1965). This conclusion 
is supported by the failure of leucine aminopeptidase to 
release any residues from peptide T-2ch2, while there 
was complete digestion of peptides T-20ch2 and 
T-l4,15elAl. 

Peptide T-l4,15elAl is apparently a deamidated 
product of T-2ch2, in which the amino-terminal 
residue is present as glutamic acid while the penulti- 
mate residue is glutamine, as indicated by its electro- 
phoretic mobility and the fact that only three residues 
could be removed by Edman degradation. It may be 
noted that the electrophoretic mobility of T-2ch2 
also clearly indicates that both acidic residues are 
amidated in this peptide. 

The amino acid sequence of the carboxyl-terminal half 
of the over-all segment was established as detailed in 
Table IV while that of the amino-terminal half could 
not be pursued as peptide T-0 adsorbed irreversibly to 
paper and Sephadex G-25 during attempts a t  purifica- 
tion. 

Peptide TT-12elB2. Sequence, Cys-Thr-Gly-Lys. Two 
steps of Edman degradation of this peptide (Cys, 0.85 
(1); Thr, 1.04 (1); Gly, 1.02 (1); Lys, 1.13 (1)  [25%; 3789 
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TABLE V 

Gln-Phe-Tyr- Asp-Glu-His-Lys-Lys 
t- T-57elN- 

t T - 5 c h 5 + +  T-59elBlchl+ 
t - T - 4 1  ch 1- + 

tT -47e lNch  1- 

T-57elN Glu, 1.87 (2); Phe, 1.01 (1); Tyr, 0.87 (1); Asp, 1.20 (1); His, 1.06 (1); Lys, 1.96 (2) 

No change in amino acid composition. 
Glu, 0.87 (1); Phe, 1.13 (1); Tyr, 1.00 (1) [ lOZ;  el, -7;  ch, 38; ninhydrin negative; 

No change in amino acid composition. 
Tyr, f 4  (1 hr, room temperature). 
Asp, 0.89 (1); Glu, 1.06 (1); His, 0.94 (1); Lys, 2.11 (2) [25%; el, + 5 ;  ch, 1; B; 

Asp, 0.20; Glu, 1.01 (1); His, 0.99 (1); Lys, 1.48 (2). 
Glu, 2.02 (2); Phe, 0.92 (1); Tyr, 0.87 (1); Asp, 1.18 (1); His, 1.02 (1); Lys, 0.99 (1) 

No change in amino acid composition. 
Asp, l.OO(l);Glu,0.98(1);His,0.90(1);Lys, 1.13(1)[24~;el ,O;ch,  1;B;Paulyl.  
Asp, 0.09; Glu, 0.97 (1); His, 1.03 (1); Lys, 0.24 (1). 
Asp, 0.05; Glu, 0.35; His, 1.15 (1); Lys, 0.85 (1). 
Asp, 0.08; Glu, 0.24; His, 0.40; Lys, 1.00 (1). 

[18%; el, 0; ch, 7; B; Paulyl. 
Edman I 

T-5ch5 
Pauly]. 

Edman I 
Carboxypeptidase A 

T-59elBlchl 

Edman I 
Pauly]. 

T-41 ch 1 
[23%; el, -4; ch, 14; B; Pauly]. 

Edman I 
T-47elNch 1 

Edman I 
I1 
111 

el, f 8 ;  ch, 0; B]), the assumption of tryptic specificity 
to place lysine at the carboxyl terminus, and the loca- 
tion of the glycyl residue by difference suffice to estab- 
lish the structure as given above. The Edman degrada- 
tion results were as follows. Edman I :  Cys, 0; Thr, 
0.96 (1); Gly, 1.07 (1); Lys, 0.96 (1). Edman 11: Cys, 0; 
Thr, 0.45; Gly, 1.00 (1); Lys, nd. 

Peptides T-57elN, T-41Ch1, T-5ch5, T-59elBlch1, and 
T-4 7elNchl. Composite Sequence, Gin-Phe-Tyr-Asp-Leu- 
His-Lys-Lys (Table V). Peptides T-57elN and T-4lchl 
differed in amino acid composition by one lysine resi- 
due. Assuming tryptic specificity, one may postulate a 
Lys-Lys sequence as the carboxyl terminus of this seg- 
ment of the protein. Both peptides were not degraded 
by the Edman procedure, indicating that glutamine, 
which had secondarily cyclized to pyrrolidonecar- 
boxylic acid, probably occupied the amino terminus 
(Hill, 1965). 

Peptide T-5ch5 behaved similarly to peptides T-57elN 
and T-4lchl on Edman degradation. Its carboxyl- 
terminal residue was shown to be tyrosine by carboxy- 
peptidase A digestion, thus establishing its amino acid 
sequence, assuming glutamine to have been the original 
amino-terminal residue. The structure of the remainder 
of the over-all sequence was established by Edman 
degradations of peptides T-59elBlchl and T-47elNchl. 
These two peptides clearly comprise the carboxyl- 
terminal segment since they contained the postulated 
Lys-Lys sequence and the lysine residue, respectively, 
while peptide T-5ch5 comprises the amino-terminal 
segment as evidenced by its composition and behavior 

3790 on Edman degradation. 

Chymotryptic digestions of peptides T-57elN and 
T-4lchl yielded two fragments in each case. From 
both peptides, one of the chymotryptic fragments was 
identical by amino acid composition and electrophoretic 
and chromatographic mobility to peptide T-5ch5, while 
the second fragment obtained from peptide T-57elN 
was similarly identical with peptide T-59elBlchl and 
the second fragment recovered from peptide T-4lchl 
was identical with peptide T-47elNchl. This confirms 
the over-all assignment of sequence listed above. 

Peptide T-38elBI. Lys. This fraction (Lys, 1.00 (1) 
[45%; el, f13 ;  ch, 5 ;  B]) was shown to be free lysine 
by amino acid analysis of an unhydrolyzed sample. 

Peptides 7T-15elNch2, T-6lch1, T-44chlelA1, and 
T-70ch2. Composite Sequence, Lys-Glu-His-Glu-Thr- 
Phe-Ile-His-Ala-Leu-(Asp, Asn)-Trp-Lys (Table VI). 
The unique compositions of these peptides indicate 
that peptides T-6lch1, T-44chlelA1, and T-70ch2 
represent segments of the over-all sequence contained 
in peptide TT-15elNch2. The single lysine in T-70ch2 
must, from tryptic specificity, represent the carboxyl- 
terminal residue in the over-all sequence, placing this 
peptide at the carboxyl-terminal half of peptide 
TT-15elNch2 and, therefore, peptides T-6lchl and 
T-44chlelA1 at the amino-terminal half. This assign- 
ment was confirmed by carboxypeptidase A digestion 
of peptide TT-15elNch2, which released lysine and 
tryptophan, as it did in a similar experiment with 
peptide T-70ch2. 

The sequence at the amino-terminal end of this 
segment of the protein was established by Edman 
degradation and carboxypeptidase A digestions of 
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TABLE VI 

Lys-Glu-His-Glu-Thr-Phe-Ile-His-Ala-Leu-(Asp, Am)-Trp-Lys 
t---T-6l~hl -+-T-70~h2- 

< TT-15elNch2 z 
t- T-44chlelA1 + 

T-61chl 

Edman I 
I1 
111 

Carboxypeptidase A 
Dinitrophenylation 

T-70ch2 

Edman I 

I1 
111 
IV 

Leucine aminopeptidase 
Carboxypeptidase A 
CG2 
CG3a 
CG3b 
CG4 

TT- 15elNch2 

T-44chlelAl 

Edman I 
I1 
I11 

Leucine aminopeptidase 
Carboxypeptidase A 

Lys, 1.22 (1); Glu, 2.02 (2); His, 0.92 (1) ;  Thr, 0.89 (1); Phe, 0.93 (1) [ 7 z ;  el, 0; ch, 

Lys,0.23;Glu, 1.90(2); His,0.94(1);Thr, 1.06(1); Phe, 1.06(1). 
Lys,0.20;Glu,1.26(1);His,0.93(l);Thr, 1.09(1);Phe, l.OO(1). 
Lys, 0.13 ; Glu, 1.16 (1); His, 0.47; Thr, 1 .OO (1) ;  Phe, 0.84 (1). 
Phe, +4 (3 hr, room temperature). 
Di-DNP-lysine only. 
Ile, 0.92 (1); His, 0.92 (1); Ala, 1.13 (1); Leu, 1.05 (1); Asp, 1.91 (2); Trp (l);rL Lys, 

Ile, 0.03; His, 0.97 (1); Ala, 1.03 (1);  Leu, 1.03 (1) ;  Asp, 2.01 (2); Trp nd; Lys, 0.25 

His, 0.19; Ala, 1.12 (1); Leu, 0.96 (1); Asp, 1.92 (2); Trp, nd; Lys, 0.25 (1). 
His, 0.11; Ala, 0.24; Leu, 0.97 ( 1 ) ;  Asp, 2.03 (2); Trp, nd; Lys, 0.22 (1). 
Leu, 0.36; Asp, 2.00 (2); Trp, nd; Lys, 0.00 (1). 
Ile, 0.97 (1); Ala, 1.01 (1); Leu, 1.03 (1); His, Trp, Lys, nd(preparation 2 ,4  hr, 40"). 
Lys, 1.00 (1); Trp, 1.00 (1) (4 hr, room temperature). 
Ile, 0.89 (1); His, 0.85 (1); Ala, 1.15 ( 1 ) ;  Leu, 1.10 (1) [el, +3;  ch, 27; Pauly]. 
Asp, 1.98 (2); Trp (1);a Lys, 1.02 (1) [el, 0; ch, 6; G ;  Ehrlich]. 
Lys [el, + 13 ; ch, 51. 
Composition not determined [el, -6; ch, 15 ; Ehrlich]. 
Glu, 1.86 (2); His, 1.89 (2); Thr, 0.89 (1); Phe, 1.00 (1) ;  Ile, 0.89 (1); Ala, 1.05 (1); 

Leu, 1.00 ( 1 ) ;  Asp, 2.16 (2); Trp (I);,& Lys, 0.89 (1); Gly, 0.20 [16%; el, 0; ch, 3;  
B; Ehrlich, Paulyl. 

Glu, 2.06 (2); His, 1.25 (1); Thr, 0.99 (1); Phe, 0.97 (1)  [26%; el, - 8 ;  ch, 14; B; 
Pauly]. 

Glu,l.l9(l);His, 1.08(1);Thr,0.97(1);Phe.0.96(1). 
His, 0.30; Glu, 1.24 (1); Thr, 1.01 (1); Phe, 0.99 (1). 
His, 0.30; Glu, 0.65; Thr, 1.05 (1); Phe, 0.95 (1). 
Glu, 2.11 (2); His, 0.95 (1); Thr, 0.96 (1); Phe, 0.97 (1) (preparation 2 ,4  hr, 40"). 
Phe, +4 (2 hr, room temperature). Phe, f 4 ;  Thr, + I  (4 hr, room temperature). 

5 ;  B; Pauly]. 

1,08(1)[23%';el, +5;ch ,  18;B;Ehrlich,Pauly]. 

(1). 

a Assumed from positive Ehrlich reaction. 

peptides T-6lchl and T-44chlelAl. Amino acid analysis 
of a complete leucine aminopeptidase digest of peptide 
T-44chlelA1 showed that both glutamyl residues were 
not amidated. 

The structure of peptide T-70ch2 was determined 
by four steps of Edman degradation, by carboxypepti- 
dase A digestion, and from the properties of fragments 
obtained by digestion with chymotrypsin (fragments 
CG2, CG3a, CG3b, and CG4). These were purified 
by Sephadex gel filtration and by paper electrophoresis. 
Fragment CG2 represented the amino-terminal tetra- 
peptide sequence, CG3a the carboxyl-terminal tetra- 
peptide, while a third fragment, CG3b, which appeared 
in the same Sephadex fraction as CG3a and was sepa- 
rated from it by electrophoresis, was shown to be free 
lysine by amino acid analysis of an unhydrolyzed 
sample. Fragment CG4 differed from fragment CG3a 
in the absence of the carboxyl-terminal lysine. CG4 

was acid on electrophoresis while CG3a was neutral, 
indicating that one of the two aspartyl residues in these 
peptides and therefore in the over-all sequence was 
amidated. The relative position of the aspartyl and 
asparaginyl residues was not determined. 

Peptide T-40chl. Sequence, Gly-Asp-Val-Lys. The 
amino acid sequence of this peptide (Gly, 0.96 (1); 
Asp, 1.07 (1); Val, 1.01 (1) ;  Lys, 0.98 (1) [50Z; el, 0; 
ch, 7; GI) was determined by two steps of Edman deg- 
radation, assuming the lysyl residue to be carboxyl 
terminal from tryptic specificity and placing the valine 
by difference. The Edman degradation results were as 
follows. Edman I: Gly, 0.12; Asp, 0.99 (1); Val, 1.01 
(1); Lys, 0.31 (1). Edman 11: Gly, 0.03; Asp, 0.27; 
Val, 1.01 (1); Lys, 1.10 (1 ) .  Digestion with leucine 
aminopeptidase released only glycine, confirming the 
above results. 

Peptides Ti-13G3 and T-73,74chl. Composite Sequence, 379 I 
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TABLE VI1 

___- _. ._ .. - . . . . ~ ~~~ ~~ ~. -_ -~ 

Ser-Trp-Leu-Val- Asn-His-Ile-Lys 
+--- T-76chl- + 

t-mT-65ch2G 1 
+-T-65chl- 

t T - 7 1  ch2+ 
~ ~ ~~~~ ~~ ~ ~ ~~ ~ ~~~ ~ ~~~ ~~ ~~ ~~ ~ ~~ - ~ 

T-76chl Ser, 1.06 (1); Trp ( 1 ) ; ~  Leu, 1.05 (1); Val, 1.09 (1); Asp, 1.15 (1); His, 0.82 (1); Ile, 

Ser, 0.14; Leu, 0.91 (1); Val, 1.00 (1); Asp, 1.09 (1); Ile, 0.91 (1); Trp, His, Lys, nd. 
Leu, 1.07 (1); Val, 0.93 (1); Asp, 1.03 (1); His, 1.00 (1); I!e, 1.03 (1); Lys, 0.86 (1) 

Leu, 0.07; Val, 0.93 (1); Asp, 1.03 (1); His, 1.00 (1); Ile, 1.03 (1); Lys, 0.61 (1). 
I1 Val,O.OO;Asp,0.94(1);His, 1.06(1);11e, l.OO(l);Lys,O.61 (1). 
111 Asp, 0.35; Ile, 1.00 (1); His, Lys, nd. 
IV His,0.22;Ile, 1.00(1);Lys,0.18(1). 

Val, 0.97 (1); Asp, 1.07 (1); His, 0.94 (1); Ile, 0.97 (1); Lys, 1.07 (1); Gly, 0.16 [6%; 

Val, 0.23; Asp, 1.02 (1); Ile, 0.98 (1); His, Lys, nd. 
Val, 0.15; Asp, 0.44; His, 0.92 (1); Ile, 1.10 (1); Lys, 0.23 (1). 

His, 0.92 (1); Ile, 0.99 (1); Lys, 1.08 (1) [ 1 2 z ;  el, + 10; ch, 6;  B; Paulyl. 

His,0.38;Ile,O.OO;Lys, l.OO(1). 

0.98 (1); Lys, 0.86 (1) [11%; el, +9; ch, 19; B; Ehrlich, Pauly]. 
Edman I 

T-65-ch2Gl 

Edman I 
[6%; el ,  + 7 ;  ch, 10; B; Pauly]. 

T-65ch 1 
el ,  + 7 ;  ch, 4;  B; Pauly]. 

Edman I 
I1 
I11 Val,0.02;Asp,0.30;His,0.50;Ile, 1.00(1);Lys,0.20(1). 

T-7 1 ch2 
Edman I His,O.M;Ile, 1.00(1);Lys,0.18(1). 

_ _ _ ~  
I1 

~~ ~ ~~~~ 

a Assumed from positive Ehrlich reaction. 

Trp-Ala-Lys. Peptide TT-13G3 (analysis of complete 
leucine aminopeptidase digest: Trp, 1.00 (1); Ala, 
0.99 (1); Lys, 1.01 (1) [20%; el, + 5 ;  ch, 14; B; Ehrlich]) 
was subjected to dinitrophenylation. The acid hydroly- 
sate of the dinitrophenyl (DNP) peptide contained 
e-DNP-lysine, free alanine, and a typical fluorescent 
DNP-tyrptophan breakdown product. Digestion with 
carboxypeptidase A for 5 hr released mly lysine, 
establishing the sequence as given. 

Peptide T-73,74chl (Ala, 0.98 (1); Lys, 1.02 (1) 
[12%, el, + 5 ;  ch, 15; B]) was subjected to dinitro- 
phenylation. The acid hydrolysate yielded DNP- 
alanine and e-DNP-lysine, thus establishing the se- 
quence Ala-Lys. Both of the above peptides are con- 
sidered to arise from the same segment of the protein, 
peptide T-73,74chl deriving from a chymotryptic split 
at the tryptophanyl residue. 

Peptides T- 76ch1, T-6SchZG1, T-6Sch 1, T- 71ch2. 
Camposire Sequence, Ser-Trp-Leu-Val-Asn-His-Ile-Lys 
(Table VII). The amino acid sequence of this segment 
was determined by Edman degradations of the over-all 
peptide T-76chl and of the three other peptides, which 
contained different lengths of the carboxyl-terminal 
segment. The tryptophanyl residue was placed by 
difference. A complete leucine aminopeptidase digest 
of peptide T-76chl showed that it contained asparagine 
and not aspartic acid, in agreement with the cathodic 
mobility of all four peptides. 

Peptides T45-ch2elN, T-59elB2, T-SOcli2, T-45chlelB1, 3792 

and T- 7elN. Cornpusire Sequence, Thr-Ile-Asp-Phe- 
Lys-Tyr-Lys-Gly-Lys-Ile (Table VIII). These peptides 
were arranged in the above sequence because their 
unique amino acid compositions fit with the residues 
released by carboxypeptidase A from the denatured 
complete protein (Groskopf et a/ . ,  1966). The assign- 
ment of sequence at the carboxyl-terminal end is con- 
sistent with the overlapping compositions of peptides 
T-50ch2 and T-45chlelB1, the first of which con- 
tains the carboxyl-terminal isoleucine of the protein 
polypeptide chain and the other of which does not. 
Peptide T-59elB2 was placed between peptides T-45ch2- 
elN and T-50ch2 because, other than lysine and iso- 
leucine, carboxypeptidase A liberated from hemeryth- 
rin glycine, tyrosine, and phenylalanine, in that 
order. The structure of peptide T-45ch2elN was de- 
termined by Edman degradation and by analysis and 
sequence determination of a dipeptide fragment, 
AAelBl, obtained from it by dilute acetic acid hydroly- 
sis. 

The structures of the dipeptides T-59elB2 and 
T-45chlelB1 were established by Edman degradation. 
Peptide T-7elN was shown to be free isoleucine by 
analysis of an unhydrolyzed sample, and T-50ch2 
was found to be Gly-Lys-Ile by Edman degradation 
and carboxypeptidase A digestion. Since after one 
cycle of Edman degradation lysine in the residual 
peptide from T-50ch2 was largely destroyed, the 
amino-terminal position of glycine was confirmed 

w. R .  C ~ R O S K O P F ,  J .  w. H O L L E M A N ,  E. M A R G O L I A S H ,  A N D  I. M. K L O T Z  
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TABLE VI11 

Thr-Ile-Asp-Phe-Lys-Tyr-Lys-GI y-Lys-Ile 

+T-45ch2elN+tT-59+tch l+tT-7+ 
T-45 

elB2 elBl elN 
+ T-50 + 

ch2 

T-45ch2elN 

Edman I 
I1 
111 
IV 

AAelB 1 
Edman I 

T-59elB2 
EdmanI 

T-45ch lelB 1 
Edman I 
Dinitrophenylation 

T-7elN 
T-50ch2 

Edman I 
Carboxypeptidase A 

Thr, 1.02 (1); Ile, 1.00 (1); Asp, 1.01 (1); Phe, 1.00 (1); Lys, 0.97 (1) [ 3 0 z ;  e/, 0; 

Thr, 0.11; Ile, 1.00 (1); Asp, 1.11 (1); Phe, 0.89 (1); Lys, 0.76 (1). 
Ile, 0.02; Asp, 1.17 (1); Phe, 0.83 (1); Lys, 0.74 (1). 
Asp, 0.30; Phe, l.OO(1); Lys, 0.51 (1). 
Phe, 0.02; Lys, 1.00 (1). 
Phe, 0.93 (1); Lys, 1.07 (1) [el, +7; ch, 14; B]. 
Phe, 0.35; Lys, 1.00 (1). 
Tyr, 1.15 (1); Lys, 0.85 (1) [53z; e/ ,  +9; ch, 10; B; Pauly]. 
Tyr, 0.08; Lys, 1 .OO (1). 
Gly,0.85(1);Lys, l . l5 (1) [17z ;e / ,  +10;ch,5;Y toG]. 
Gly, 0.30; Lys, 1 .OO (1). 

Ile, 1 .00(1)[21~;e/ ,O;cI1.27;B].  
Gly, 0.96 (1); Lys, 1.03 (1); Ile, 1.01 (1) [ 4 6 z ;  e / ,  +lo ;  cl?, 14; GI. 
Gly,0.31;Lys,O.O2(1);Ile, l.OO(1). 
Ile, f 4  (6 hr, room temperature, pH 7.0). 

ch, 17; B]. 

DNP-Gly ; c-DNP-L~s 

by identifying PTH-glycine by paper chromatography. 

Discussion 

Enzymic Hydrolj,sis of Hemerytlirin. Notwithstanding 
that the preparation of trypsin had been treated 
with 0.01 M HCI to destroy chymotryptic activity, the 
T digest contained a considerable number of peptides 
that had clearly resulted from the action of chymotryp- 
sin. Thus, of 31 peptide bonds which were observed 
to be hydrolyzed, 15 involved tryptophan, phenylala- 
nine, tyrosine, leucine, methionine, and asparagine, 
the usual range of chymotryptic specificity (Hill, 1965). 
That this was in fact due to contamination of the 
enzyme preparation with chymotrypsin and not to 
chymotryptic-like activity of the trypsin itself is clearly 
evidenced by the results of the TT digest. In t h  
latter case the enzyme preparation was treated with 
TPCK, and every one of the 11 peptides that were 
isolated and characterized were ostensibly products 
solely of tryptic activity. 

An unexplained peptide bond hydrolysis observed 
in the T digest was a t  a Trp-Pro bond, resulting in an 
amino-terminal segment (T-39ch3 ; Val-Asp-Trp) and 
a carboxyl-terminal segment (T-57elB2; Pro-Ser-Phe- 
Arg) of the parent peptide T-61ch3 in yields of 35 
and 5 0 z ,  respectively (see Table 11). A 5z yield of 
hydrolysis at a Phe-Pro bond has been observed in 
ovine corticotropin following digestion with chymo- 
trypsin (Leonis er u/. ,  1959). Whether such hydrolyses 
negate the commonly accepted rule that bonds involv- 

ing the imino nitrogen of proline are not hydrolyzed 
by trypsin or chymotrypsin (Hill, 1965) or whether 
the digestion was due to a more specific enzymic 
contaminant of the preparation cannot readily be 
decided. Another factor which may have been opera- 
tive in the hemerythrin peptide is the occurrence of 
four prolyl residues within a chain length of ten amino 
acids, resulting in a particular conformation which 
could conceivably have facilitated hydrolysis at the Trp- 
Pro bond. 

Another anomalous point of hydrolysis occurred 
in the same segment of the protein at an Asp-Pro bond. 
The yields of the resultant peptides (T-9ch2 and T- 
16,17,18chl) were 23 and 1 2 z ,  respectively (see 
Table 11). In this case not only is an imino nitrogen of 
proline involved but the other residue, aspartic acid, 
has never been observed to be susceptible to either 
trypsin or chymotrypsin action. The hydrolysis in this 
case may have been nonenzymatic, and again conforma- 
tional factors may have played a role. 

The amino-terminal peptide also served to detect an 
unusual enzymic contaminant of the leucine amino- 
peptidase preparations used. As shown in Table 11, 
the only residues which were not liberated were the 
four prolines and the residues immediately preceding 
them in the sequence Gly-Phe-Pro-Ile-Pro-Asp-Pro- 
Tyr-Val-Asp-Trp-Pro-Ser-Phe-Arg. Thus the action 
of leucine aminopeptidase, which is known not to 
split appreciably bonds involving the imino nitrogen 
of proline (Hill, 1965), must have been aided by hy- 
drolyses at the Pro-Tyr and Pro-Ser bonds. Whether 3793 
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TABLE IX:  Sequences Established, and Their Over-All Yields,as Calculated from Yields of Constituent Peptides Recov- 
ered from Tryptic Digests of G. gouldii Hemerythrin. 

~ 

Over-All 
Yield (z)' Sequence (represented by peptide or peptides). 

_. ~ . ~~ ~- ~ ~ _.__._. 

TT-5ch4 Gly-Phe-Pro-Ile-Pro-Asp-Pro-Tyr-Val-Asp-Trp-Pro-Ser-Phe-Arg 66 
TT-9elN Thr-Phe-Tyr-Ser-lle-Ile-Asp-(Asp, G1u)-His-Lys 48 
T-27ch4 Thr-Leu-Phe 22 
T-2lch 1 Asn-Gly-Ile-Phe 23 
T-47elA 1 His-Leu-Ala-Ile-Asp-( .Asp,, Gly. Ala, Leu)-Glu-Leu-Arg 34 
T-42ch 1 Arg 58 
T-OIT-2ch2 (His, Asp, Glu?, Val, Leu, Phe)-Leu-Met-Gln-Ala-Ser-Gln-Tyr 52 
TT- 12elB2 Cys-Thr-GI y-Lp 25 
T-57elN Gln-Phe-Tyr-Asp-Glu-His-Lys-L ;is 90 

T-40chl GI y- Asp-Val-Lys 50 
T-6lch 1 ,'T-70ch2 Lys-Glu-His-Glu-Thr-Phe-Ile-His-Ala-Leu-(Asp, Am)-Trp-Lys 34 

TT-13G3 Trp- Ala-Lys 20 
T-76ch 1 Ser-Trp-Leu-Val-Asn-His-Ile-Lys 35 

Thr-Ile- Asp-Phe-Lys-Tyr-Lys-GI y-Lys-Ile 67 
~. 

T-45ch2elNiT-59eI B2/T-50ch2 

0 Sequences listed in order discussed under Results. b Yie!ds are calculated by addition of the best combination of 
yield of noncmsecutive peptides from the same digest. For instance, the yield of the sequence represented by peptide 
TT-5ch4 is arrived a t  by adding the yields of peptides T-lOch2 (43 %) and T-9ch2 (23 z). 

~~~~~~~ ~ . . _ _  ~~ 

_ _ _ ~  ~~~ ______ ~~ 

W. R. G R O S K O P F ,  J. W. H O L L E V A N ,  E.  M A R G O L I A S H .  A N D  I \I. K L O T Z  

hydrolysis also occurred at the Pro-Ile and Pro-Asp 
bonds was not examined. The contaminating enzyme 
must therefore be specific for bonds involving the 
carboxyl group of proline and act either completely 
as an endopeptidase or at least be capable of attacking 
such bonds when the proline is the second residue from 
the amino-terminal end of the peptide. The former 
possibility is the more likely since the yield of free 
aspartic acid was only one-third that of the three ter- 
minal residues, implying that the Pro-Ser bond had 
been hydrolyzed even when present in a peptide the 
minimal structure of which must have been Asp-Trp- 
Pro-Ser-Phe-Arg. As far as we are aware, an enzyme 
having such a prolyl endopeptidase specificity has so 
far only been reported for a proteinase of Baci!/us 
therrnoproteofyticus (Ohta and Ogura, 1965). From these 
results it would appear that such an enzyme must 
also be present in animal tissues and when suitably puri- 
fied may be of great value in protein structural studies. 

Secondury Changes ut Amino-Terminal GIutumin.vI 
and Asparuginyf Residues. In every case in which glu- 
tamine occurred as an amino-terminal residue, the 
commonly observed cyclization to pyrrolidonecar- 
boxylic acid (Sanger et d., 1955; Hill, 1965) was 
observed to occur practically quantitatively, preventing 
both Edman degradation and leucine aminopeptidase 
digestion. Thus peptides T-57elN, T-4lch1, and 
T-5ch5 (see Table V) and peptide T-2ch2 (see Table 
IV) were isolated from the original digest with a 
cyclized residue at the amino terminus. Similarly, 
following Edman degradation when a glutaminyl 
residue becamz amino terminal in the residual peptide, 
cyclization prevented further Edman degradation 

3794 cycles. This occurred in peptides T-20ch2 and 

T-I 4.1 5elAl (see Table IV). 
Peptide T-5ch4 (sequence, Asp-Gly-Ile-Phe; see 

Results) had an anomalous amino-terminal aspartyl 
residue. This residue was not liberated by Edman 
degradation, while the acidic electrophoretic mobility 
indicated the presence of two carboxyl groups in the 
peptide. It appears highly likely that this aspartyl 
residue was linked to the rest of the peptide through 
its @-carboxyl group. The transformation of a-aspartyl 
to a,B-aspartyI and to P-aspartyl linkages of amino- 
terminal aspartyl residues has been observed in pep- 
tides obtained by partial hydrolysis of a variety of 
proteins (Swallow and Abraham, 1958 ; Bernhard, 
1958; Naughton et a/., 1960; Ambler, 1963). The 
bright orange color of this peptide with the ninhydrin- 
collidine color reagent used is also probatly characteris- 
tic of the amino-terminal @-aspartyl recidue. Stable 
yellow ninhydrin colors have previously been observed 
for such peptides with other ninhydrin reagents not 
containing collidine (John and Young, 1954; Naughton 
eta/.,  1960; Ambler, 1963). 

Peptide T-Zlchl was identical with peptide T-5ch4 
except that its amino-terminal residue was a normally 
behaving asparagine, indicating that in the original 
protein the aspartyl residue in question was present 
as the amide. It is interesting to note that the presumed 
@-aspartyl peptide was consistently detected in good 
yield on the peptide maps of the initial digests before 
any purification procedures had been initiated. Acid 
catalysis can therefore not be invoked in its formation 
as has been the case for the P-aspartyl peptides detected 
by the authors cited above. It is possible that in this 
case the amidation of the @-carboxyl group had, by a 
mechanism similar to the cyclization of amino-terminal 
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glutaminyl residues, facilitated cyclization of the 
asparaginyl peptide to the a$ form, which subsequently 
converted to the pure B-aspartyl peptide. This may be 
explained by the postulate that water, acting as a 
nucleophile on an a,&aspartyl structure, would pref- 
erentially attack the a-carbonyl position because 
of the electron-withdrawing properties of the adjacent 
protonated amino group, giving rise to the 6- rather 
than to the a-aspartyl link. The absence of any electro- 
phoretically neutral material with the same amino 
acid composition as peptides T-5ch4 or T-2lchl among 
the purified peptides rules out the presence of any 
appreciable amount of a,B-cyclized aspartyl peptide. 
As mentioned under Results, the failure of further 
Edman degradation of peptide T-47elA1 after the 
fifth cycle may have been due to a similar conversion 
of a normal aspartyl or asparaginyl residue in sixth 
place to the resistant P-aspartyl linkage. 

Yields qf Peptides und thz Composition qf Hemerj,tlirin. 
The over-all yields of peptide sequences accounting 
for different segments of the protein are listed in Table 
IX. They vary from 20 to 90% and account for 
11 3 residues in the subunit chain, which compares with 
the figure of 113.3 residues obtained by direct analysis 
of the amino acid composition of the protein (Groskopf 
et ul., 1966). Only four sequences were recovered 
in yields below 30%: and because the over-all yields 
of amino acids in all fractions from the Dowex 50W-X2 
column chromatography of the TT digest ranged from 
23 to 100% with a numerical average of 75% (see 
Table I), it is highly probable that the sequences listed 
represent all the peptides of the predominant sequence 
of the G. gouldii hemerythrin subunits. 

While it is true that the method of calculation of 
over-all yields by addition of the yields of overlapping 
constituent segments could conceivably give a false 
picture of the yields of certain peptides and tends to 
obscure the presence of variant residues, it is nonethe- 
less felt that the conclusion above as to the essential 
predominance of the sequences listed is valid. 

One of the peptide fractions listed under Results 
does not appear in Table IX. This is fraction T-38elB1, 
which was shcwn to be free lysine and which was re- 
covered in 45 % yield. It seems very likely that this resi- 
due represents the carboxyl-terminal lysine of peptide 
T-57elN (Table V), and is a t  the same time the amino- 
terminal residue of peptide T-6lchl (Table VII). This 
residue would therefore be the point of overlap between 
the segments T-57elN and T-61chl,'T-70ch2. The lysine 
in this position is therefore counted only once in the 
count of the number of residues in the subunit chain. 

As noted in the preceding paper (Groskopf et ul., 
1966), there are reasons to believe that the subunits 
in G. gouldii hemerythrin are not all strictly identical 
and protein preparations obtained from mixed popula- 
tions of worms of this species may well contain a pro- 
portion differing by one, two, or three residues from 
the common type (Manwell, 1963; Groskopf et uI., 
1963). Several peptides obtained in low yields and 
not listed under Results apparently contain variant 
residues. For instance, one peptide recovered in about 

7% yield from the TT digest (peptide TT-5ch5) con- 
tained equimolar amounts of alanine, tryptophan, 
valine, and leucine and was tentatively assigned the 
sequence Ala-Trp-Leu-Val by Edman degradation 
and carboxypeptidase A digestion. A final determina- 
tion of the sequence was not possible because of the 
low yield of purified peptide. It is interesting to note 
that the tentative sequence fits the amino-terminal 
sequence of peptide T-76chl (Table VII), with the 
substitution of an alanyl residue in TT-5ch5 for the 
seryl residue in T-76chl. Further studies will be re- 
quired to determine unequivocally whether this se- 
quence represents one of the possible hemerythrin 
subunit variations. 

Acknowledgment 

The authors are grsteful to Dr. F. H. Carpenter 
of the University of California (Berkeley) for a generous 
gift of TPCK-treated trypsin and to Mr. Kenneth 
Thompson and Mrs. Marillyn B. Gragg of Northwest- 
ern University and Mr. Robert L. Gardisky of Abbott 
Laboratories for some of the amino acid analyses. 

Added in Proof 

Haley et ul. (1966) have recently reported faster con- 
version of asparaginylglycine than of aspartylglycine to 
the B-aspartyl peptide, under mild conditions. These 
results are in accord with our discussion of the pre- 
sumed origin of peptide T-5ch4 from peptide T-2lchl 
by such a conversoin. 
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ABSTRACT : The optical rotatory dispersion (ORD) 
(700-220 mp) of phycocyanin isolated from the blue- 
green algae Phormidium luridum, Plectonema calothri- 
coides, and Synechococcus licidus has been measured. 
ORD curves in the visible show multiple Cotton effects 
for the chromophore absorptions at -620 mp (+) 
and -350 mp (-). The ultraviolet ORD curves 
show a trough at  231 mp with a crossover point at 
222 mp; the [a]231 of -3900 It 200” indicates the 
protein to have a small amount of a-helix conforma- 

P hycocyanin, an important member of the class of 
biliproteins, is a blue, photosynthetic pigment found 
widely distributed in blue-green algae. Although a 
number of physical-chemical studies of the chromo- 
protein have been carried out, its detailed structure is 
largely unknown. The quaternary structure of phyco- 
cyanin involves a monomer, trimer, and hexamer 
equilibrium, which has been deduced from a study of 
the aggregation behavior of the protein (Hattori 
et ut., 1965b; Scott and Berns, 1965). Some additional 
information about the tertiary and secondary structure 
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of Chemistry, Carnegie Institute of Technology, Pittsburgh, Pa. 

3796 15213. 

tion. Urea denaturation irreversibly destroys the 
optical activity of the chromophore absorptions. 
The ORD behavior of phycocyanins from Ph. luridum 
and P. calothricoides resembles each other closely, 
while S .  licidus phycocyanins are substantially different. 
The ORD curves of pairs of protio- and deuteriophyco- 
cyanins are essentially identical in both H20 and DzO. 
The rotatory dispersion of phycocyanin appears to 
be independent of the state of aggregation of the 
protein. 

of phycocyanin can be deduced from thermal denatura- 
tion experiments (Hattori et a[ . ,  1965a). This paper 
reports some new information about phycocyanin 
based on data obtained from the measurement of the 
ORD1 properties of the protein in the native and in 
the urea-denatured state. 

Experimental Section 

Protein Preparation. The protio- and deuterio- 
phycocyanins2 from Phormidium luridum, Plectonema 
calothricoides, and Synechococcus licidus were isolated 

1 Abbreviations used: ORD, optical rotary dispersion; CD, 
circular dichroism. 

The prefix “deuterio” refers to phycocyanin containing 99.6% 
deuterium at all nonexchangeable positions. The prefix “protio” 
refers to ordinary phycocyanin with hydrogen of mass 1 at all 
nonexchangeable positions. 
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